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ABSTRACT
The removal of sodium and other ions (potassium, magnesium, calcium, 
and aluminum) from a Montana subbituminous coal by ion exchange, with the 
hydrogen ion from aqueous sulfuric acid, in a continuous countercurrent 
unit was investigated as a function of initial sulfuric acid concentra­
tion, coal particle size, liquid to solid mass ratio, and coal residence 
time.
The results from this investigation indicate that the ion exchange 
process in the continuous countercurrent unit is controlled by film 
diffusion. Experimental results also indicate that the sodium removal is 
directly proportional to the initial sulfuric acid concentration and coal 
residence time, inversely proportional to the coal particle diameter, and 
independent of the liquid to solid mass ratio, providing that there are 
enough hydrogen ions available in the exchange solution to attain maximum 
sodium removal at equilibrium for the particular coal particle size. 
Ninety percent of the original sodium could be removed at equilibrium 
from coal having a mean coal particle diameter of 0.814 mm (-10 x +48 
mesh).
A theoretical model for an ion exchange process controlled by film 
diffusion was fitted to experimental data in order to predict the sodium 
removal from coal. The following equation was fitted at the 5 percent 
significance level.
Fraction of sodium removed = 1 - exp [(-3) (D) (C) (t)l
. (rQ) (6) (C) .
xi
where:
+ +D = self-diffusion coefficient for H -Na ion exchange within the 
2particle, cm /sec
+ 3C = initial sulfuric acid concentration, meq H /cm 
t = time of ion exchange, sec
r = mean coal particle radius, cmo
6 = film thickness, cm
— + 3C = sodium ion content in the as-recieved coal, meq Na /cm
P = fraction of sodium removed experimentally at equilibrium
The self-diffusion coefficient was found to be more sensitive to





1.1 Future Low-Rank Coal Consumption in the United States
Nations with advanced technology consume great quantities of energy. 
In the past, this energy has come from the resources that have been most 
easily utilized, such as oil and natural gas. Consequently, these 
resources are becoming depleted very rapidly and interest in utilizing
j(*
less popular energy resources, such as coal, has increased (_1). In order 
to have even a moderate economic growth for the next two decades, the use 
of more coal for the production of electric power is necessary until new 
energy systems or sources can be developed and commercialized. The 
increased need for coal utilization is due to the poor outlook on the 
availability and price of crude oil, the uncertainties surrounding 
nuclear energy, and the slow development of geothermal, solar, and other 
renewable energy sources. By the year 2000, the United States is 
expected to have 38 percent of its total energy coming from coal (2).
Coal is ranked, according to its degree of maturation, into four 
major classes: lignite, subbituminous, bituminous, and anthracite. 
Lignite has a heating value less than 8,300 Btu/lb on a moist, ash free 
basis, while subbituminous coal has a heating value between 8,300 and 
10,500 Btu/lb on a moist, ash free basis. Lignite and subbituminous 
coals are commonly known as low-rank or soft coals. Bituminous and 
anthracite coals have a heating value in the range of 10,500 to over




15,000 Btu/lb on a moist, ash free basis, and are referred to as high- 
rank or hard coals (3, 4). Low-rank coals have some distinctive charac­
teristics other than heating value which can be used to discriminate them 
from high-rank coals. In general, low-rank coals tend to: (a) have a 
higher moisture content when first mined; (b) contain a greater amount of 
organic oxygen (mostly from carboxylic acid groups); and (c) contain less 
silicon and aluminum than high-rank coals, but have a higher content of 
alkali and alkaline earth elements such as sodium in the ash (5).
The United States has enormous quantities of low-rank coal reserves, 
and an estimated 230 billion metric tons are presently economically 
recoverable (5). On an energy basis, low-rank coal reserves account for 
45 percent of the economically recoverable energy from coal. Therefore, 
low-rank coal utilization will have a significant impact on the United 
States' national energy economy (_5) .
Until mid-1970, despite the large reserve base, little research was 
devoted to low-rank coal in the United States because of low utilization. 
Low-rank coal markets, prior to the energy crisis and environmental 
concerns of the seventies, were local or regional, and accounted for only 
one percent of the United States' coal consumption (5). Today, the 
growth of low-rank coal consumption is still mainly constrained by low 
demand, as competing fuels have the edge in many markets. The 
constraints on the demand are caused by: (a) location of the low-rank 
coal reserves (distance from the major coal consumption markets); (b) the 
higher coast per Btu of shipping low-rank coals over long distances; and 
(c) the uncertainty and cost of using low-rank coals due to ever changing 
environmental standards (6).
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1.2 Ash Fouling Tendencies of Low-Rank Coals
A major problem, experienced when coals are burned, is the tendency 
for the ash to be deposited on furnace walls and on the fireside surface 
of boiler tubes. This is commonly referred to as ash fouling. Such 
deposits often cause an excessive pressure drop through the tube banks 
and boiler passes and can cause an uneven distribution of boiler 
temperature. The ash deposits can also reduce heat transfer and boiler 
capacity, lower the thermal efficiency, and cause hot spots on the 
fireside of boiler tubes (2» £$> 9). Consequently, costly unscheduled 
shutdowns may occur. The frequency, magnitude, and seriousness of ash 
fouling depends upon the boiler design, source of the low-rank coal, load 
factor, tube metal temperature, and soot blowing practices. With the 
installation of large base-load power plants, ash fouling has become an 
increasingly serious problem (10).
Previous investigations have shown that the extent of ash fouling 
for low-rank coals from the Western United States is predominantly a 
direct function of the coal's ash and sodium content (10, 11, 12, 13, 1A, 
15). The rate of fouling, however, does remain relatively low, regardless 
of the ash content of the coal, as long as the sodium content (reported 
as sodium oxide content in ash) remains low (1 percent). The fouling 
rate increases rapidly as the ash content increases at intermediate (5 
percent) to high (10 percent) sodium levels (15). The reserves of 
low-rank coal containing less than a 5 percent sodium content are limited. 
As the reserves of the low sodium content coal are diminshed, the average 
sodium content of the remaining low-rank coal reserves will increase, 
leading to more ash deposition problems (16).
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Some methods employed to reduce and minimize the ash fouling 
problems in coal fired boilers, other than burning only coal with a low 
sodium content, include: (a) blending high and low sodium content coal 
together to obtain coal with intermediate sodium content; (b) altering 
the nature of the ash by adding chemical additives; (c) incorporating 
special design features and cleaning devices in the boiler; (d) designing 
over-sized boiler heating surfaces to accommodate some fouling; (e) 
chemically or physically cleaning the coal prior to combustion; (f) using 
additives, such as limestone, to break up ash build-up on boiler tubes; 
and (g) burning high sodium content coals in low load times and burning 
low sodium content coals in peak load times (IQ, 11, 14, 16). Not all of 
these methods have proven to be entirely successful. It appears that 
removing the sodium before combustion by ion exchange may be a viable 
long-term solution to consistently alleviate ash fouling problems in 
boilers when burning low-rank coals (11).
1.3 The Scope of Study
The purpose of this investigation was to study the removal of sodium 
and other inorganic metal ions by ion exchange with hydrogen ions from a 
subbituminous coal from Montana (Nerco mine) in a continuous 
countercurrent unit using dilute sulfuric acid as an exchange medium.
The removal of sodium, potassium, magnesium, calcium, and aluminum was 
studied as a function of initial sulfuric acid concentration, coal 
particle size, liquid to solid mass ratio, and coal residence time in the
ion exchange unit.
CHAPTER 2
OVERVIEW OF ION EXCHANGE
2.1 Historical Account
Water treatment by solid adsorbents, like sand, is probably as 
ancient as civilization. Records from the time of Aristotle indicate 
that sea and impure drinking waters were purified with the aid of sand 
filters. The understanding of the various mechanisms surrounding this 
process has come about slowly, although this phenomenon has drawn 
interest from scientists throughout the ages (17).
Ion exchange can occur in inanimate soils, rocks, sand, and living 
organisms. When the ion exchange process was first discovered, it was 
viewed as an exceptional phenomenon governed by other than natural 
causes. It took the whole second half of the nineteenth century for 
scientists to prove that the principles of ion exchange were not magic, 
but followed the well-established rules of nature (18).
During the early nineteenth century, Davy, Lambuschini, Huxtable, 
and others explored the ability of clays and soils to adsorb manure 
liquors. In 1819 Gazzari observed that clay could decolorize liquid 
manure and adsorb soluble substances which were slowly released. Liebig 
also discovered that clay had the ability to adsorb ammonia (17). H.S. 
Thompson, an English agriculturist, was the first to publish a 
description of ion exchange in 1848. Thompson found that most of the 
ammonium sulfate, when it was adsorbed by soil, was converted to calcium 
sulfate and could not be washed out with water. Thompson disclosed this 
finding to a consulting chemist of the Royal Agricultural Society, J.T. 
Way, who found the underlying mechanism to be one of ion exchange
5
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involving the silicates present in the soil (19). Way's research proved 
to be the first systematic study of ion exchange, and it was several 
decades before any further contributions towards a better understanding 
of ion exchange was made (17).
Although recognition of the ion exchange reaction is credited to 
Thompson and Way, Graham, the father of colloid chemistry, reported 20 
years earlier that carbon had the ability to adsorb silver from silver 
nitrate. At about the same time, Esprit discovered that mixing carbon 
with a neutral salt solution liberated acidity when the salt cation was 
adsorbed (20).
F. Harm, in 1896, was the first to attempt to use ion exchange on a 
commercial scale. He claimed to have developed a process by which the 
sodium and potassium could be successfully removed from sugarbeet juice 
using a natural silicate as a cation exchanger. R. Cans is given credit 
for the first successful large-scale applications of ion exchange, using 
inorganic silicates he synthesized (19).
Ion exchange is a valuable supplement to filtration and distilla­
tion, and today is established as a unit operation. Uses range from 
industrial waste metal recovery and rare earth separation to the 
decontamination of water in nuclear reactor cooling systems. The most 
important application still remains water purification and demineraliza­
tion as the growth of industry and population accelerate the need for 
clean water (18).
2.2 Previous Experimental Work With Low-Rank Coals
A majority of the sodium and potassium, and to a lesser extent, 
magnesium, calcium and aluminum, in low-rank coals from the United States 
occurs as salts of carboxylic acids. It has been determined that these
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can be replaced by other cations from aqueous solution by ion exchange. 
Ease of replacement, from the most easily to most difficult, of a cation 
from a weakly acidic cation exchanger, such as a low-rank coal, is given
by the following (19, 20, 21):
..  +  +  + +  + +  + + +  I I I +Na > K > Mg > Ca > Fe > A1 > H
The cations most often considered for ion exchange with coal to reduce 
the sodium content include H+ , Ca++, Mg^-*", Fe"^, and A11 1 1 (22) . Batch 
and continuous countercurrent ion exchange methods have been employed in 
the past to reduce the sodium content in low-rank coals (predominantly 
lignite) and several papers on conceptual commercial design have been 
presented.
Gronhovd, Harak and Paulson (10), using a batch method, reported 
that even with high sodium content lignite, only a small percentage of 
the original sodium could be removed by washing the lignite with distilled 
water. They found, however, that when the lignite was washed with water 
containing calcium (such as city tap water) the sodium content decreased 
from 11 to 3 percent (based on sodium oxide in the ash). They also 
investigated the effect that different ion exchange solutions (calcium 
oxide, calcium chloride, and hydrochloric acid) have on the removal of 
sodium in lignite of large particle size. It was found that, even at 
high exchange solution concentrations, the sodium removal was low due to 
the lack of penetration of the solution into the center of the larger 
particles.
Using a batch unit, Paulson and Fowkes (J23) discovered that particle 
size of the treated coal is a critical factor in the removal of sodium 
from lignite; they also found that monovalent ions are easily replaced by
divalent and trivalent ions.
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Using a batch method, Crystal (24) investigated the effect that four 
operating parameters (rate of agitation, initial solution concentration, 
coal particle size, and initial moisture content of the coal) had on the 
removal of sodium in lignite. Crystal concluded that particle size and 
the initial moisture content have a considerable effect on the rate and 
extent of the sodium removed.
In his batch study, Reski (25) concluded that exchange solutions 
(sulfuric acid and calcium chloride) having the same initial 
contentration, will give the same equilibrium sodium concentration in 
moisture, ash free (MAF) lignite.
In the batch study conducted by Peterson (26) , using sulfuric acid 
as an exchange medium with lignite, the coal particle size, initial 
sulfuric acid concentration, solid residence time, stirrer speed, and 
liquid to solid mass ratio were varied to determine their effect upon the 
exchange rate. Peterson found, in thoroughly agitated solutions, that: 
(a) the ion exchange rate of sodium in lignite was controlled by particle 
diffusion; (b) the rate of sodium removal was unaffected by the acid 
concentration or liquid to solid mass ratio as long as sufficient 
hydrogen ions were present to complete the reaction; and (c) that the 
rate of agitation had no effect on rate of sodium removal.
Chesley (27), investigating the same operating parameters (with the 
exception of stirrer speed) with a batch unit, drew the same conclusions 
when using subbituminous coal from the same mine used in this present 
study, and also reported that the sodium content in the coal could be 
reduced by as much as 95 percent.
A pilot plant study was made of the variables affecting the removal 
of sodium from lignite by ion exchange in a continuous countercurrent
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unit by Paulson and Ellman (16) . The operational variables investigated 
included coal particle size, effectiveness of various cations in the 
exchange solution, solids and liquid residence time, and multistage 
reusing of solids and liquids on the sodium content of the product. This 
study indicated that ion exchange is most effective with small particle 
size and with a concentrated exchange solution, as the initial sodium 
content was reduced by 50 percent through contact with a calcium chloride 
solution over several hours.
Bekele (28), using a continuous countercurrent unit with sulfuric 
acid and lignite, studied the effect that varying lignite particle size, 
residence time, initial acid concentration, and liquid to solid mass 
ratio had on sodium reduction. In this work, the ion exchange process 
was found to be controlled by film diffusion and the sodium content was 
reduced to less than 5 percent of its initial content.
Badami's (29) major conclusions after his study of the continuous 
countercurrent method of ion exchange using lignite and calcium chloride 
solution included: (a) sodium removal reached equilibrium within 20 
minutes; (b) the liquid to solid mass ratio had to be no greater than 2; 
(c) calcium chloride solutions having concentrations greater than 0.11 N 
were not necessary; and (d) sodium removal increased as lignite particle 
size decreased.
Several papers have been presented by Paulson, Baria, and Kube 
(30-37) and one by Baria, Kube, and Carver (22) that deal with the 
conceptual designs and cost estimates for using ion exchange to reduce 
ash fouling caused by the combustion of low-rank coals (mostly lignite). 
The conceptual designs presented indicate that a processing plant for the 
removal of sodium from low-rank coals of high sodium content using ion
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exchange is technically feasible. In order to determine whether the 
processes would be economically feasible, other factors have to be 
considered. The costs incurred in reducing the sodium content must be 
recovered through savings in the power plant capital cost. By reducing 
the sodium content, heat transfer rates improve, the downtime frequency 
for boiler tube cleaning is diminished, and the necessity for expensive 
oversized boilers is eliminated. In addition, the amount of purchased 
electrical power required to cover energy needs during high demand peri­
ods when the power plant is shut down for cleaning purposes is reduced.
These conceptual designs (22, 30-37) are based on processing a high 
fouling lignite containing 8.5 percent sodium oxide in the ash and 
producing a medium to low fouling product containing 4 percent sodium 
oxide in ash. Lignite is processed at a rate of 1.46 million tons per 
year using sulfuric acid as the exchange solution. The cost of 
pretreatment (all costs are reported in mid-1979 dollars) ranged from 
$2.69 to $4.19 per ton of lignite processed, with financing being the 
largest single operating cost (approximately 31 percent).
The cost for reducing the sodium content to 2 and 1 percent (sodium 
oxide in the ash) was calculated at $3.55 and $6.07, respectively, per 
ton of lignite processed (33, 34, 35). Using calcium chloride or 
magnesium sulfate instead of sulfuric acid as an exchange medium was also 
investigated (32), and it was found that the cost per ton of lignite 
processed increased to $5.42 and $6.21 respectively when reducing the 
sodium content from 8.5 to 4 percent.
2.3 Principles of Ion Exchange
An insoluble solid material that carries cations or anions which can 
be exchanged for a stoichiometrically equivalent amount of other ions
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when in contact with an electrolytic solution is a common definition of 
an ion exchanger. Viewed in a different light, ion exchangers are acids 
or bases of high molecular weight that carry a cation or anion of high 
molecular weight. They are converted into high molecular weight salts by 
exchanging an equal charge of ions for their hydrogen or hydroxyl ions 
(18, 20). Carriers of exchangeable positively charged ions (cations) are 
called cation exchangers, and carriers of exchangeable negatively charged 
ions (anions) are referred to an anion exchangers. Amphoteric ion 
exchangers are capable of either cation or anion exchange.
Ion exchange is, with few exceptions, a reversible process. A 
cation exchanger which has become exhausted (lost all of its positively 
charged ions), can be regenerated by bringing it into contact with an 
ionic solution that consists of a high concentration of the depleted 
cation. Ion exchange also resembles sorption, as a dissolved species is 
taken up in both cases. The characteristic difference between the two is 
that ion exchange is a stoichiometric process, whereas in sorption, a 
solute is taken up without being replaced by another species.
Ion exchangers consist of a framework which is held together by 
chemical bonds and lattice energy. This framework carries a positive or 
negative charge that is compensated by counter-ions, which are ions that 
have a charge opposite to that of the framework. Therefore, in the case 
of a cation exchanger, the framework would carry a negative charge and 
the exchangeable counter-ions (in the cation exchanger and exchange 
medium) are positively charged. The counter-ions are able to move within 
the framework and may be simultaneously exchanged with a stoichiometri- 
cally equivalent amount of counter-ions contained in the exchange solution 
in order to maintain the electroneutrality of the system. In the
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solution, the ions that possess the same charge as the framework of the 
ion exchanger are referred to as co-ions. Normally, the pores of the ion 
exchanger are not occupied by counter-ions exclusively. Solvent and 
solutes are able to enter the pores when the ion exchanger is in contact 
with the exchange solution. The uptake of solvent is defined as swelling, 
while the uptake of solutes is called sorption. Essentially, sorption is 
a distribution of the solute between the pore liquid and the exterior 
exchange solution. The number of counter-ions accompanied by an equiva­
lent amount of co-ions increases in the ion exchanger when the sorption 
of an electrolytic solution occurs. Therefore, sorption means that the 
counter-ion content of an ion exchanger depends not only on the magnitude 
of the framework charge, but also on the co-ion content of the exchange 
solution (18).
Ion exchange properties are exhibited by many different natural and 
synthetic products. Ion-exchange resins, ion exchange coal, mineral ion 
exchangers, and synthetic inorganic ion exchangers are among the most 
important (18), with organic materials based on synthetic resins being 
the most widely used modern ion exchangers (20). Several coals are 
natural ion exchangers because they contain carboxylic acid groups.
Metals such as sodium, potassium, and calcium are attached to the weak 
acid groups in the form of salts of these carboxylic acids which can be 
exchanged when brought into contact with an aqueous electrolytic solu­
tion. The ease of replacement depends upon the charge and size of the 
ion. As stated previously, for a weakly acidic ion exchanger such as 
low-rank coal, the ease of replacement is (19, 20, 21);
Na+ > K+ > Mg'" > C a ^  > k l ^  > F e ^  > H+
This is as anticipated due to their respective valency and size with the
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exception of the hydrogen ion. The hydrogen ion has a strong attraction 
to the oxygen in the carboxyl group and is therefore difficult to exchange. 
The other ions, however, form strong electrolytes with the carboxyl group 
and are more readily exchanged by other positively charged ions (38).
2.A Kinetics of Ion Exchange
A. Rate Controlling Step of Ion Exchange
When a counter-ion diffuses from the ion exchanger to the exchange 
medium, another counter-ion from the exchange medium simultaneously 
diffuses to the ion exchanger as a consequence of the electroneutrality 
requirement. This ion exchange process is made up of five individual 
steps which are: (a) the diffusion of the counter-ion from the bulk 
solution across the mass transfer film layer surrounding the ion 
exchanger to its surface; (b) inward diffusion of the counter-ion from 
the surface of the ion exchanger particle through the pores to the 
exchange site; (c) exchange of the counter-ions; (d) outward diffusion of 
the exchanged counter-ion through the pores from the exchange site to the 
surface of the particle; and (e) diffusion of the exchanged counter-ion 
from the surface across the film layer to the bulk solution (39).
The exchange of counter-ions at the exchange site, step (c), is 
rapid and provides negligible resistance to mass transfer leaving the 
rate determining step to be any one or combination of the other four 
steps. Liquid film diffusion, steps (a) and (e), is usually controlling 
when, due to low agitation of the exchange solution, a thick, stagnant 
film layer surrounds the ion exchanger particle. Particle diffusion, 
steps (b) and (d), is usually controlling when the exchange solution is 
agitated at a high rate, causing the film layer around the ion exchange 
particle to become very thin, leading to rapid diffusion across the film
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layer. Particle diffusion is also controlling in many instances when the 
ion exchanger particles are of relatively large size (33).
A method for experimentally distinguishing between film and particle 
diffusion control is the interruption test. The ion exchanger is removed 
from the exchange solution for a brief period of time and then 
reimmersed. The pause leaves time for the concentration gradients that 
have developed in the solid to level out. If the ion exchange is 
controlled by particle diffusion, the rate immediately after reimmersion 
is greater than that prior to the interruption. No concentration 
gradients exist in the solid when film diffusion is controlling, because 
the ion exchange rate depends upon the concentration gradient across the 
film. Therefore, the interruption does not affect the rate of ion 
exchange (40) .
B. Rate Laws of Ion Exchange
Rate laws of ion exchange systems can be derived by applying 
diffusion equations, such as Fick's first and second laws, since ion 
exchange is a diffusion process. Complications, due to changes in 
swelling, selectivity, and diffusion induced electrostatic forces, make 
the derivation of rate laws less straightforward than it initially 
appears. These complications can be bypassed only by setting specific 
boundary conditions, the most simple case being that of isotopic 
exchange. Under the condition of isotopic exchange, equilibrium 
throughout the system is assumed except for isotopic distribution. The 
following derivations for such rate laws are taken from work done by 
Helfferich (40). It is assumed that A and B are two isotopic 
counter-ions and A is designated as the ion inside the exchange particle.
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1. Film Diffusion Control
In order to derive the rate laws for isotopic exchange controlled by 
film diffusion, the following assumptions have been made to simplify the 
derivation.
(a) The diffusion of counter-ions across the film is swift when 
compared to the change in counter-ion concentration at the film 
layer boundary.
(b) The film thickness is much smaller than the particle radius, so 
the film can be treated as a planar layer (one-dimensional 
diffusion).
(c) The diffusion coefficient is constant.
Under these assumptions, Fick's first law defines the momentary flux 
of counter-ions, A, which is constant throughout the film layer.
JA = D(ACa /6) (1)
where:
JA = the flux of the diffusing co-ions A (moles per unit time
2and cross sectional area, g moles/sec cm ),
D = the self-diffusion coefficient of A (cross section of area
2per unit time, cm /sec),
6 = the film thickness (distance, cm), and
AC, = the difference in the concentration of A between theA
t
film's two boundaries or - CA (moles per unit volume, g
3moles/cm ); quantities with a prime refer to the film-ion 
exchanger interface, and quantities without a prime refer 
to the exchange solution.
The following material balance, Fick's second law, relates the flux 
to the time dependence of the concentration of A.
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(-dQA/dt) = F JA (2)
where:
Qa = Amount of A in the ion exchanger (moles, g moles);
quantities with bars refer to the interior of the ion 
exchanger,
t = time of ion exchange (time, sec), and
2F = total surface area of the ion exchanger (area, cm ).
The condition of equilibrium at the interface yeilds Equation (3):
(CA/CA ) - (C/C) (3)
where:
C = CA + Cg = the total concentration of both exchanging isotopes
3(moles per unit volume, g moles/cm ); since the 
system is in equilibrium except for isotopic
i
distribution, C is equal to C.
The combination of Equations (2) and (3) after substitution yields 
Equation (4):
(-dCA/dt) = Ja (3C/C ro) (4)
where:
r^ = the ion exchanger particle radius (length, cm). 
Appropriate initial and boundary conditions have to be set in order 
to solve Equations (1) and (4). Two of the initial conditions are: (a) 
there is a uniform concentration of A counter-ions in the ion exchanger; 
and (b) the exchange solution does not have any A present. These two 
initial conditions can be expressed by Equations (5) and (6).
At t = 0 and r = Ca = (CAoC)/(C) (5)
At t = 0 and r £ rQ + 6; CA (r) = 0 (6)
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where:
r = the radial diffusion path in the ion exchanger sphere
(length, cm), and
C^o = the initial concentration of the A counter-ions in the ion
3exchanger (moles per unit volume, g moles/cm ).
To further simplify this derivation, one of two additional boundary 
conditions may be considered. The first is referred to as an infinite 
solution volume. This applies when the concentration of A counter-ions 
in the solution throughout the ion exchange process remains negligible. 
This condition is met when a solution of constant composition is 
continuously passed though an ion exchange system so that Equation (7) is 
applicable.
C V «  C V (7)
where:
C = the total concentration of counter-ions (moles per unit
3volume, g moles/cm ),
V = the total volume of the ion exchange material (volume,
cm^), and
3V = the volume of the solution (volume, cm ).
If Equation (7) is not upheld, then a more general boundary 
condition, called finite solution volume, has to be applied. Because the 
condition of infinite solution volume holds true in this present investi­
gation, a discussion of finite solution volume is not undertaken.
Since the concentration of A counter-ions (when the infinite solution 
volume condition applies) in the exchange solution remains approximately 
zero, the boundary condition at the exchange solution-film layer 
interface can be written in the following form.
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At t = 0 and r £ vq + 6; CA (r,t) = 0 (8)
The solution of Equation (1), applying the condition set forth in 
Equations (4) through (8), is:
U(t) = 1 - exp [(-3 D C t)/(rQ 6 C)] (9)
where:
U(t) = the fractional attainment of the total ion removal 
equilibrium (dimensionless)
According to Equation (9), the fractional attainment of equilibrium 
for ion exchange controlled by film diffusion, and under the previously 
stated assumptions and conditions, is proportional to the diffusion 
coefficient in the film (D) and the time of ion exchange (t). It is also 
proportional to the concentration of the solution (C), and inversely 
proportinal to the particle radius (rQ)> the film thickness (6), and the 
counter-ion concentration in the ion exchanger (C).
The time required to attain one half of the ion exchange equilibrium, 
U(t) = 0.5, is referred to as the half time (t^). By substituting the 
value of 0.5 for U(t) in Equation (9), the half time can be calculated 
according to Equation (10):
t, = (0.23 r 6 C)/(D C) (10)
2 O
An empirical approximation for calculating the film thickness, 6, is 
given by Equation (11):
6 = (0.20 r )/(l + 70 r v) (11)o o
where:
v = the solution flow rate per cross sectional area.
This approximation holds for column ion exchangers under the assumptions 
of low solution flow rates and spherical ion exchanger particles.
19
2. Particle Diffusion Control
For a system where particle diffusion is rate controlling and under 
the conditions of isotopic exchange, the flux of isotope A in the ion 
exchanger is described by Fick's first law.
JA = D grad CA (12)
It is necessary to consider the flux of only one species of counter­
ions, A, since the flux of B counter-ions is automatically equal in 
magnitude as well as opposite in sign because the ion exchanger is 
assumed to be in equilibrium with the exception of isotopic distribution.
The time dependence of A counter-ion concentration corresponds to 
the flux by the following material balance, Fiek's second law:
3cA/8t = -div JA (13)
For ion exchange systems with spherical geometry and with a constant 
diffusion coefficient, Equations (12) and (13) can be combined to yield 
Equation (14):
(3CA/3t) = D[(32CA/3r2) + (2/r)(3CA/3r)] (14)
Equation (14) can be solved by applying appropriate initial and 
boundary conditions. The most simple initial condition is when all of A 
counter-ions exist only in the ion exchanger at a uniform concentration, 
CAo> This initial condition can be written in the form of Equations (15) 
and (16) .
At t = 0 and r > r ; C.(r) = 0 (15)
O A
At t = 0 and 0 5 r S r ; C.(r) = C. = constant (16)o A Ao
When ion exchange is controlled by particle diffusion, the counter­
ion concentration at the particle surface and in the bulk solution are 
the same, and there is a negligible amount of resistance to counter-ion 
diffusion across the interface. Therefore, under the condition of
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infinite solution volume, Equation (17) holds true.
At t > 0 and r = r ; C (t) = 0 (17)
O A
The solution of Equation (14) under the conditions stated in Equations 
(15), (16), and (17) gives the function CA (r,t). The fractional attain­
ment of equilibrium, U(t), can be found by the integration of this 
function throughout the ion exchanger particles as shown in Equation
(18).
U(t) = 1 - (6/ir2) [ I (l/n^) exp (-D t ir2 n2/r2)] (18)
n-1 °
Vermeulen's approximation of Equation (18) is shown as Equation
(19).
U(t) = [1 - exp(-D t Tr2/r2)]* (19)
Although this approximation is less accurate than Equation (18), it is 
more convenient for practical applications.
According to Equation (19), the fractional attainment of equilibrium 
for ion exchange controlled by particle diffusion, and under the 
previously stated assumptions and conditions, is proportional to the 
diffusion coefficient in the ion exchanger (D) and the time of ion
exchange (t), and is inversely proportional to the square of the particle
2radius (r ).o
The half time, t̂ , can then be calculated by substituting the value 
of 0.5 for U(t) in Equation (19) to yield Equation (20).




EXPERIMENTAL EQUIPMENT AND PROCEDURE
3.1 Subbituminous Coal Studied
The low-rank coal tested throughout the duration of this 
investigation was a subbituminous coal provided by the Nerco Coal Mining 
Company in Big Horn county, Montana, from the Sprink Creek mine. The 
analysis of the as-received coal is given in Table 1 for particle size of
0.814 mm in diameter (-10 x +48 mesh, Tyler Standard).
3.2 Description of Equipment
The continuous countercurrent ion exchange unit, hereafter referred 
to as the unit, (28) is shown schematically in Figure 1. The unit 
consisted of a hollow plastic tube, approximately 38.1 cm long and 4.76 
cm inner diameter, mounted at an upward incline of 30 degrees to the 
horizontal. A carbon steel auger, 38.1 cm long with a 2.54 cm pitch, 
placed inside the unit transferred the coal from the low to the high end. 
The auger was rotated by a variable speed drive electric motor attached 
to the high end. The sized coal was stored in a hopper mounted above the 
low end of the unit, and was metered into the unit by a small auger at 
the bottom of the hopper. Rotation of the small auger fed as-received 
coal into the unit via a vertical plastic tube affixed on top of the low 
end of the unit. A variable speed pump introduced the aqueous sulfuric 
acid solution at the high side of the unit to generate solid-liquid 
contact in a countercurrent manner. A small plastic impellor, connected 
to a high speed electric motor, was placed inside the tube where coal was 
fed into the unit, beneath the exit port of the spent solution (effluent).
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TABLE 1 . ANALYSIS OF AS-RECEIVED COAL
Proximate Coal Analysis (as-received basis) Selected Ash Constituents
Constituent Percent in Coal Constituent Percent 
in Ash
Moisture 23.44 Na2 0 1 1 . 8 6
Ash 2.70 k2o 0.48
Fixed Carbon & MgO 5.87
Volatile Matter 73.86
CaO 29.58
To tal 1 0 0 . 0 0
A12 ^ 3 10.64
Sulfur 0.29
*obtained by difference
FIGURE 1. SCHEMATIC OF CONTINUOUS COUNTERCURRENT ION EXCHANGE UNIT (33)
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The impellor was necessary to wet the free-falling coal particles,
creating a decrease in surface tension.
3.3 Operating Procedures 
A. General
The procedure for operating the continuous countercurrent ion
exchange unit used in this study was as follows:
1. The flow rates of the as-received coal and sulfuric acid solution 
were obtained by collecting a 20 minute sample of each. This step 
was necessary to make sure the desired liquid to solid mass ratio 
was maintained.
2. The unit was flushed with distilled water.
3. The carbon steel auger was cleansed of all rust deposits with a 
steel brush.
4. The auger was inserted into the unit and connected to a motor. The 
low end of the unit was then closed with a threaded metal cap.
5. The motors to the coal feed, impellor, auger, and solution feed pump 
were started simultaneously, beginning the countercurrent ion 
exchange process.
6 . After 40 minutes of operating time, a 5 minute sample of the 
processed coal was collected as it was expelled from the high side 
of the unit, along with a 5 minute sample of the liquid effluent.
The processed coal was collected in a Buchner funnel positioned 
directly below the high side of the unit. The processed coal was 
immediately rinsed with distilled water and filtered by suction as 
it was being collected in the Buchner funnel. The entire 5 minute 
processed coal sample was allowed to dry for 3 additional minutes
after it was collected in order to attain a consistent moisture
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content. The 5 minute effluent liquid sample was collected in an 
Erlenmeyer flask, and the spent solution was separated from the fine 
coal particles suspended within it by suction filtration.
7. A portion (5 to 7 grams) of the 5 minute processed coal sample was 
collected in a crucible and stored in a desiccator for further 
analysis (moisture, ash, Na, K, Mg, Ca, and A1 content). The 
effluent liquid sample was stored in a specimen bottle for further 
analysis (Na, K, Mg, Ca, and A1 content).
8 . After 20 minutes another sample was collected (repeat steps 6 and 7) 
to check for steady state operation.
9. A 10 minute sample was collected of the effluent and processed coal 
streams for material balance calculations. The processed coal was 
filtered from the acidic solution that was carried along with it 
(SWPC) and weighed. A portion of the processed coal was retained in 
a crucible to determine the moisture and ash content. The SWPC 
sample was weighed and kept for further metal analysis, and the 
effluent liquid sample was filtered, weighed, and then discarded.
The fine coal (CWE) was filtered from the effluent solution, dried
in an oven at 105°C (221°F) for 12 hours, weighed, and then discarded 
because the sample was too small for further metal analysis.
10. The ion exchange process was terminated by turning off the motors.
11. All of the processed coal that left the unit was collected together, 
with the exception of the 1 0  minute material balance sample and the 
portions stored in crucibles. The processed coal was dried in an 
oven for 12 hours at 105°C (221°F) and weighed. Since the moisture 
free flow rate of the as-received coal could be calculated, and the 
time required to collect the moisture free processed coal sample was
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known, the amount of moisture free coal that remained inside the 
unit was determined by material balance. The residence time was 
determined by taking the ratio of the moisture free coal that 
remained inside the unit to that of the moisture free coal feed 
rate.
12. The crucibles containing the processed coal samples were placed in a 
drying oven for 12 hours at 105°C (221°F). The samples were then 
allowed to cool in a desiccator and then reweighed in order to 
calculate the moisture content.
13. The moisture free process coal samples were fired in a muffle 
furnace for 8 hours at 750°C (2,386°F). The samples were then 
allowed to cool in a desiccator and then reweighed in order to 
calculate the ash content.
14. A portion of the ash sample was mixed with lithium metaborate in a 
graphite crucible and slowly heated in a muffle furnace to 950°C 
(1,742°F). The crucible was removed from the furnace and, upon 
cooling, the ash-lithium metaborate sample fused into a small 
pellet.
15. The pellet was dissolved in a dilute nitric acid mixture and then 
prepared for Atomic Absorption Spectroscopy analysis to determine 
the sodium, potassium, magnesium, calcium, and aluminum content of 
the ash.
B. Interruption Test
Some modifications of the continuous countercurrent ion exchange 
unit were necessary in order to perform the interruption test. The 
threaded metal cap on the low end of the unit was replaced by a rubber 
cork. Also, a chute was attached to the low end of the unit, and the
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sulfuric acid feed hose was replaced by a hose that fed distilled water
from a reservoir stationed directly above the unit. The following
sequence outlines the operating procedure for the interruption test.
1. An as-received coal sample of 100 g was collected along with two 
samples of the dilute sulfuric acid exchange solution weighing 300 
and 265 g.
2. The unit was flushed with distilled water.
3. The carbon steel auger was cleansed of all rust deposits with a 
steel brush.
4. The auger was inserted into the unit and connected to a motor. The 
low end of the unit was then closed with the rubber cork.
5. The 100 g as-received coal sample was fed into the low end of the 
unit.
6 . The auger motor was turned on and the 300 g sample of dilute sulfuric 
acid was fed into the high end of the unit.
7. After five minutes of operation (the start of the interruption), the 
cork was removed and the auger rotation reversed, allowing the coal 
particles and exchange solution to flow down the chute. The chute 
led to a Buchner funnel where the coal was separated from the 
exchange solution by suction filtration.
8 . The coal particles that remained in the unit were removed by rinsing 
the unit with distilled water from the reservoir. The water-coal 
mixture was separated in the Buchner funnel.
9. The auger rotation was returned to normal and shut off.
10. From the coal collected in the funnel, a 5 to 7 g portion of the 
processed coal was collected in order to measure the moisture, ash, 
and sodium content according to steps 12 through 15 of the general
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operating procedure.
11. After a 13.5 minute interruption, another 5 to 7 g portion of the 
processed coal was collected in order to measure the moisture, ash, 
and sodium content according to steps 12 through 15 of the general 
operating procedure.
12. The remaining processed coal was removed from the Buchner funnel and 
redeposited in the unit. The 265 g sample of dilute sulfuric acid 
was fed into the high end of the unit and the auger was turned on.
13. After 5 minutes, the ion exchanger was shut down and the processed 
coal removed in the same manner described in steps 7, 8 , and 9.
14. Another 5 to 7 g sample of the processed coal was collected in order 
to determine the moisture, ash, and sodium content according to 
steps 12 through 15 of the general operating procedure.
3.4 Test Analysis
A. Sieve Analysis
To determine the particle size distribution of the as-received coal, 
a series of 6 Tyler Standard Screen Scale sieves ranging from 10 (1.651 
mm openings) to 48 (0.295 mm openings) mesh were used. The sieves were 
stacked upon one another according to screen openings, the sieve with the 
largest screen openings on top. The as-received coal was placed upon the 
first screen on top of the stack. The stack was covered and vibrated for 
20 minutes with a Tyler Ro-Tap testing sieve shaker. The coal deposited 
on each sieve tray was weighed in order to determine the particle size 
weight distribution.
B. Moisture and Ash Analysis
To determine the moisture content of the as-received and processed 
coal, the ASTM D-3173-93 standard test method (41) was followed, with
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some modifications. The major deviation involved the sample size. A 
larger than prescribed sample was necessary to ensure enough ash for 
metal analysis, since this coal sample was very low in ash content.
The ASTM D-3174-82 standard test method (42) was followed to 
determine the ash content of the as-received and processed coal, again, 
with some modification. Since the sample was larger than suggested, a 
longer firing time was essential to ensure complete ashing.
C. Sulfuric Acid Solution Analysis
The procedure to prepare and standardize the aqueous sulfuric acid 
solution was that of ASTM E 200-75 (43).
D . Metal Constituent Analysis
The ash was prepared for inorganic constituent analysis according to 
the following standard procedure. An ash sample (approximately 0.0700 g) 
was mixed with lithium metaborate (approximately 0.6000 g) and placed in 
a graphite crucible. The crucible was slowly heated in a muffle furnace 
to 950°C (1,742°F). The sample was removed from the furnace after 15 
minutes at this temperature and allowed to cool. Upon cooling, the ash 
and lithium metaborate mixture fused together forming a pellet. The 
pellet was dissolved in 40 ml of 3 percent aqueous nitric acid solution. 
Distilled water was then added to the acidic solution to attain a total 
volume of 100 ml, which was then analyzed by Atomic Absorption Spectro­
scopy for the sodium, potassium, magnesium, calcium, and aluminum content.
A Perkin-Elmer Model 303 Atomic Absorption Spectrophotometer 
equipped with a Perkin-Elmer 303 Burner Regulator and a DCRI 
Concentration Readout was utilized for this analysis. The regulator, 
depending upon which constituent was being analyzed, was supplied with a 
mixture of propane-air (for Na and K analysis) or acetylene-nitrous oxide
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(for Mg, Ca, and A1 analysis). Preparation of the samples and reference 
solutions, operation of the spectrophotometer, and the calculations to 
determine the metal ion content (Appendix F, section L) were according to 
the manufacturer's recommended procedures (44). The effluent and SWPC 
samples were also analyzed using the Atomic Absorption Spectrophotometer 
following the procedures recommended by the manufacturer (44).
E. Sulfur Analysis
The sulfur content was found by using a Leco induction furnace model 
521-000. The sample preparation, furnace operation, and calculations 





It was the objective of this study to obtain a kinetic model, based 
on theory and experimentally derived data, that could predict the 
reduction in the sodium content of a subbituminous coal by ion exchange 
using a continuous countercurrent unit with the exchange ion (H+) 
provided by dilute sulfuric acid. Removal of the potassium, magnesium, 
calcium, and aluminum from the coal was also determined. In order to 
acquire the experimental data necessary to deduce a kinetic model 
equation, 4 operating parameters of the continuous countercurrent ion 
exchange process were varied throughout 19 individual runs. The 
parameters investigated included: (a) initial sulfuric acid concentra­
tion; (b) coal particle size; (c) liquid to solid mass ratio; and (d) 
coal residence time. A summary of the variation of the operating para­
meters according to each particular run is found in Table 2.
The proximate analysis, moisture and ash content, and the Na, K, Mg, 
Ca, and A1 content of the as-received subbituminous coal are located in 
Appendix A in Tables 12, 13, and 14, respectively. The as-received coal 
was analyzed according to particle size. Three sample sets of 
as-received coal sized -10 x +48 mesh (0.814 mm mean particle diameter) 
were taken in order to verify consistent moisture and ash content. The 
overall average moisture and ash content for this particle size range was 
determined for material balance calculations.
Tables containing the initially recorded data (raw data) and the 
calculated results concerning the variation of each individual operating
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1 o . o o o o a -10 x +48 0.814 3/1 23.5
2 0.05692 -10 x +48 0.814 3/1 23.5
3 0.21815 -10 x +48 0.814 3/1 23.5
4 0.44067 -10 x +48 0.814 3/1 23.5
5 0.86033 -10 x +48 0.814 3/1 23.5
6 0.25825 -10 x +48 0.814 3/1 23.5
7 0.25825 -10 x +14 1.388 3/1 23.5
8 0.25825 -14 x +20 0.986 3/1 23.5
9 0.25825 - 2 0  x +28 0.700 3/1 23.5
1 0 0.25825 -28 x +35 0.494 3/1 23.5
1 1 0.25825 -35 x +48 0.350 3/1 23.5
1 2  h 0.25825 -10 x +48 0.814 2 / 1 23.5
6 R-lb 0.25825 -10 x +48 0.814 3/1 23.5
13 0.25825 -10 x +48 0.814 4/1 23.5
14 0.25825 -10 x +48 0.814 5/1 23.5
15 0.25825 -10 x +48 0.814 3/1 1 1 . 1
16 0.25825 -10 x +48 0.814 3/1 16.5
6R-2C 0.25825 -10 x +48 0.814 3/1 23.5
17 0.25825 -10 x +48 0.814 3/1 50.8
kTyler Standard Screen Scale 
aDistilled Water
bFirst Repeat of Sample Number 6  
Second Repeat of Sample Number 6
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parameter investigated, can be found in Appendices B (initial sulfuric 
acid concentration varied), C (coal particle size varied), D (liquid to 
solid mass ratio varied), and E (coal residence time varied). Each of 
these appendices consist of 7 tables containing: (a) raw data; (b) 
moisture and ash content; (c) initial material balance data; (d) metal 
constituent analysis of the processed coal; (e) metal constituent 
analysis of the effluent and the solution that left the ion exchanger 
with the processed coal (SWPC); (f) material balance closures and metal 
ion removal (based on the effluent and SWPC); and (g) metal ion removal 
(based on the processed coal), along with a graph plotting the metal ion 
reduction (based on the processed coal) as a function of the varied 
operating parameter. Typical calculations are presented in Appendix F 
for sample number 9.
4.2 Variation of the Initial Sulfuric Acid Concentration
A reduction of metal ions that is directly proportional to the 
initial exchange solution concentration would indicate that the ion 
exchange process is controlled by film diffusion. If a change in initial 
exchange solution concentration has no effect on the metal ion reduction, 
particle diffusion is controlling. Therefore, initial sulfuric acid 
exchange solution concentrations of: (a) 0 . 0 0  (distilled water); (b) 
0.05692; (c) 0.21815; (d) 0.44067; and (e) 0.86033 N were used to investi­
gate their effect on the metal ion reduction. The other operating 
parameters were held constant at -10 x +48 mesh (0.814 mm mean particle 
diameter), 3, and 23.5 minutes for the particle size range, liquid to 
solid mass ratio, and residence time, respectively.
The minimum sulfuric acid concentration required was calculated, 
based on total ionic equivalents for 100 percent metal ion (Na, K, Mg,
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Ca, and Al) removal, to be 0.2400 N. This calculation can be found in 
Appdendix F, section H. Therefore, an initial sulfuric acid exchange 
solution concentration of 0.25825 N was used when investigating the other 
3 operating parameters.
4.3 Variation of the Particle Size
Film diffusion is rate controlling if the ion exchange rate is
proportional to the inverse of the particle radius (l/ro). If the rate
of ion exchange is proportional to the inverse of the particle radius 
2squared (1/r^), particle diffusion is rate controlling. Hence, variation 
of the particle size was important in determining whether film or 
particle diffusion was controlling.
The 6 different particle size ranges selected for this study included 
(a) -10 x +14; (b) -14 x +20; (c) -20 x +28; (d) -28 x +35; (e) -35 x 
+48; and (f) -10 x +48 mesh (Tyler Standard). Their respective mean 
particle diameters were 1.388, 0.986, 0.700, 0.494, 0.350, and 0.814 mm. 
Coal sized at -10 x +48 mesh was used when the variation of this 
parameter was not under consideration. The individual particle size 
distribution of the as-received coal sized -10 x +48 mesh (0.814 mm mean 
particle diameter) can be found in Table 3. Larger coal particle sizes 
were not used in this investigation because of their tendency to obstruct 
the rotating auger in the ion exchanger. Coal particles of smaller size 
had a tendency to become suspended in the exchange solution and exit with 
the effluent stream. Consequently, coal particles smaller than 48 mesh 
were not used.
4.4 Variation of the Liquid to Solid Mass Ratio
The liquid to solid mass ratio was varied by changing the flow rate 
of the sulfuric acid solution into the ion exchanger. Liquid to solid
35

















+ 1 0 — 0.51 0.04
-10 x +14 1.388 239.97 19.81
-14 x +20 0.986 288.39 23.81
- 2 0  x +28 0.700 258.21 21.32
-28 x +35 0.494 219.54 18.12
-35 x +48 0.350 188.90 15.60
-48 ______ 15.71 1.30
Tyler Standard Screen Scale
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mass ratios of approximately 2/1, 3/1, 4/1, and 5/1 were used, with the 
ratio of 3/1 used when other operating parameters were being varied. The 
calculated liquid to solid mass ratios, for selected runs, are given in 
Table 4. A liquid to solid mass ratio lower than 2/1 was not considered 
because the coal would absorb all of the solution, leaving no effluent 
solution behind. When the liquid flow rates were high, a majority of the 
coal leaves the ion exchanger suspended in the effluent liquid stream. 
Because of this, a ratio higher than 5/1 was not investigated.
4.5 Variation of the Residence Time
The rotation speed of the auger and the flow rates of the as- 
received coal and sulfuric acid solution had to be varied in order to 
alter the residence time. The residence time was kept at approximately
23.5 minutes when it was not being varied. The calculated residence 
times for selected runs are given in Table 5. When the effect that the 
residence time had on metal ion removal was investigated, residence times 
of approximately 11.0, 16.5, 23.5, and 51.8 mintues were used. Residence 
times lower than 1 1 . 0  minutes were not considered because the liquid flow 
rate necessary to achieve such times were too high, and most of the coal 
would be carried away with the effluent solution. Residence times higher 
than 51.8 minutes were not required since metal ion removal equilibrium 
was accomplished at lesser times.
4 . 6  Sulfur Reduction
The effect that the ion exchange process has on the sulfur content 
of the coal was also investigated. The initial sulfuric acid concentra­
tion was 0.25825 N and was fed into the unit at a rate of 29.87 g per 
minute. The mean coal particle diameter was 0.814 mm (-10 x +48 mesh,
37






























1 199.21 567.24 2 0 9.96 28.36 2.85/1
3 198.68 566.83 2 0 9.93 « 28.34 2.85/1
5 198.75 567.17 2 0 9.94 28.36 2.85/1
7 199.11 567.06 2 0 9.96 28.35 2.85/1
9 198.97 566.95 2 0 9.95 28.35 2.85/1
1 1 198.59 567.21 2 0 9.93 28.36 2 .8 6 / 1
1 2 198.68 392.19 2 0 9.93 19.61 1.97/1
13 198.86 774.63 2 0 9.94 38.73 3.90/1
14 199.02 972.88 2 0 9.95 48.64 4.89/1
15 353.63 1026.60 2 0 17.68 51.33 2.90/1
16 284.79 833.06 2 0 14.42 41.65 2.92/1
*6R-2 197.64 572.78 2 0 9.88 28.64 2.90/1
17 100.81 303.23 2 0 5.04 15.16 3.01/1
For Material Balance Calculations:
Average Coal Flow Rate for Sample Numbers 1-14 = 9.94 g/m 
Average H2 SO4 Flow Rate for Sample Numbers 1-11 = 28.35 g/m
*Second Repeat of Sample Number 6
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1 381.00 202.40 178.60 7.62 23.44
2 380.50 204.14 176.36 7.61 23.17
3 380.00 198.49 181.51 7.60 23.88
4 380.50 203.56 176.94 7.61 23.25
5 380.50 199.33 181.71 7.61 23.81
7 382.50 202.58 179.92 7.65 23.52
9 383.00 201.29 181.71 7.66 23.72
1 1 386.00 207.08 178.92 7.72 23.18
1 2 380.00 199.94 180.06 7.60 23.69
14 381.00 208.96 172.04 7.62 22.58
15 667.00 572.16 149.84 13.54 11.07
16 545.00 365.60 179.40 10.90 16.46
k6R-2 378.20 206.60 171.60 7.30 23.51
17 424.6 228.69 195.91 3.86 50.75
Average Residence Time for Sample Numbers 1-14 and 6R-2 = 23.5 minutes 
Second Repeat of Sample Number 6
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Tyler Standard) and had an as-received coal feed rate of 9.96 g per 
minute, leaving the liquid to solid mass ratio at 3/1. The residence
time was 23.5 minutes.
CHAPTER 5
DISCUSSION OF RESULTS
5.1 Initial Sulfuric Acid Concentration
The effect that the initial sulfuric acid concentration has on the 
ash content of the as-received subbituminous coal is shown in Figure 2.
By treating the coal with distilled water, the ash content is reduced by
11.3 percent. Since distilled water does not contain any exchangeable 
ions, the leaching of humic acids and its salts by the distilled water is 
accountable for this ash reduction (36). The ash content of the 
processed coal approaches an equilibrium value of approximately 2 . 1  
percent at high sulfuric acid concentrations, a 40.7 percent reduction of 
the original coal's ash content.
Since coal is a heterogenius substance, the cation concentration 
throughout the matrix of the coal is not constant. Therefore, the cation 
reduction is expressed as the ratio of the cation concentration found in 
the two liquid solution streams (effluent and SWPC) leaving the ion 
exchanger, to the average cation concentration initially present in the 
as-received coal. This is done because the variation of the cation 
concentration throughout a sample of the effluent and SWPC is less than 
the variation of the cation concentration in a sample of the processed 
coal. The normalized reduction of sodium, potassium, magnesium, calcium, 
and aluminum content as a function of initial sulfuric acid concentration 
is illustrated by Figure 3. The sodium reduction increases with 
increasing initial sulfuric acid concentration until approximately 0.5 N 
where the equilibrium value of 90 percent reduction is reached. The 































































Mean Particle Diameter = 0.814 mm 
Liquid to Solid Mass Ratio = 3 
Residence Time = 23.5 minutes
SULFURIC ACID CONCENTRATION (Normality)
FIGURE 3. NORMALIZED CATION REDUCTION AS A FUNCTION OF INITIAL 
SULFURIC ACID CONCENTRATION
Solution out with the processed coal
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values reached at approximately 72, 63, 45, and 34 percent reduction 
respectively. It is evident from Figure 3 that the ease of replacement 
of the cations is as anticipated. Figure 3 also indicates that the ion 
exchange process is controlled by film diffusion since the sodium 
reduction is greatly influenced by the initial sulfuric acid 
concentration.
Although it is not discussed in detail, the reduction of Na, K, Mg, 
Ca, and A1 based on the cations remaining in the processed coal plotted 
as a function of initial sulfuric acid concentration can be found in 
Appendix B, Figure 18.
The overall material balance closures and moisture balance closures 
(Appendix B, Table 20) were poor, and averaged only 80.8 and 76.5 percent 
respectively. The poor closures were expected because the solution that 
leaves the ion exchanger along with the processed coal (SWPC) was 
inadvertently discarded. However, the moisture, ash free coal balance 
closure was better, averaging 99.6 percent.
The material balance closures (Appendix B, Table 20) for sodium were 
respectable, ranging from 82.8 to 95.4 percent. Closures for magnesium, 
calcium, and aluminum were generally low (65 to 75 percent) but 
consistent. Potassium closures were very inconsistent ranging from 53.4 
to 84.0 percent. This wide distribution is attributed to the small 
amount of potassium present in the as-received coal and the heterogeneous 
characteristics of coal. Because of this, a small fluctuation of 
potassium in the coal’s matrix could cause a substantial amount of error 
in material balance closure calculations. In addition, some error can be 
attributed to atomic absorption spectroscopic inaccuracies.
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5.2 Coal Particle Size
The ash content of the as-received and processed coals is plotted as 
a function of particle size in Figure 4. According to this graph, when 
burning untreated coal, large size coal particles would be more desirable 
because they contain less ash (about 16.5 percent) than small coal 
particles, which is typical of any type of coal. However, when the coal 
is treated by aqueous sulfuric acid in an ion exchange process, it is the 
coal of smaller particle size that contains the lesser amount of ash 
(approximately 36 percent less).
This phenomenon is readily explained by understanding the physical 
properties of coal. Coal is comprised of small pores that contain the 
exchange sites for the counter-ions. With larger coal particles, an 
extended amount of time is required for the exchange of counter-ions 
because of the additional distance the exchange solution has to travel 
through the longer pores. In addition, the number of pores not having 
access to the surface is greater. Consequently, the exchange solution 
cannot enter these pores and ion exchange does not occur. Conversely, 
small coal particles have a larger surface area (on a weight basis) and 
shorter pore length. Therefore, the inward and outward diffusion of 
counter-ions through the pores takes less time and fewer pores are 
inaccessable, which leads to more efficient ion exchange and ash 
reduction.
In Figure 5, where the normalized cation reduction is plotted as a 
function of mean particle diameter, the removal of cations is greater for 
smaller particles because of the previous explanation. The sodium 
removal for small coal particle sizes (95%) is approximately 30 percent 
























FIGURE 4. PROCESSED COAL ASH CONTENT AS A FUNCTION OF MEAN PARTICLE 
DIAMETER
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Sulfuric Acid Concentration = 0.25825 N 
Liquid to Solid Mass Ratio = 3 
Residence Time = 23.5 minutes
MEAN PARTICLE DIAMETER (mm)
FIGURE 5. NORMALIZED CATION REDUCTION AS A FUNCTION OF MEAN PARTICLE 
DIAMETER
.i-
''Solution out with the processed coal
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Reducing the sodium content by 95 percent reveals the importance of 
particle size, because even at high initial sulfuric acid concentrations, 
the maximum amount of sodium reduction was 90 percent at equivalent 
residence times and liquid to solid mass ratios.
The maximum reduction of K, Mg, Ca, and A1 was also found to be 
greater than it was at elevated initial sulfuric acid concentrations. 
Also, the ion exchange followed the rules of selectivity for a weakly 
acidic ion exchanger.
The reduction of Na, K, Mg, Ca, and A1 based on the cations 
remaining in the processed coal plotted as a function of mean particle 
diameter can be found in Appendix C, Figure 19.
The overall material balance, moisture, ash free coal balance, and 
moisture balance closures (Appendix C, Table 27) averaged 99.5, 99.6, and
99.2 percent, respectively. The sodium ion balance closure ranged from
85.3 to 95.2 percent and averaged 90.4 percent. The ion balance closures 
of magnesium, calcium, and aluminum were lower than sodium but relatively 
consistent, and the potassium ion balance closure was again erratic. 
Sample number 11 had abnormally low closures which was probably due to 
drift in the atomic absorption spectrophotometer.
5.3 Liquid to Solid Mass Ratio
The influence that the liquid to solid mass ratio has on ash reduc­
tion is shown in Figure 6 . The ash content of the subbituminous coal 
drops dramatically when brought into contact with dilute sulfuric acid 
and becomes relatively constant after a 2/1 ratio. According to Figure 
6 , the additional ash reduction caused by increasing the liquid to solid 
mass ratio greater than approximately 2.5/1 is marginal so higher ratios 
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Sulfuric Acid Concentration = 0.25825 N 
Mean Particle Diameter = 0.814 mm 
Residence Time = 23.5 minutes
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FIGURE 6. PROCESSED COAL ASH CONTENT AS A FUNCTION OF LIQUID 





































Sulfuric Acid Concentration = 0,25825 N 
Mean Particle Diameter = 0.814 mm 
Residence Time = 23.5 minutes
LIQUID TO SOLID MASS RATIO
FIGURE 7. NORMALIZED CATION REDUCTION AS A FUNCTION OF LIQUID 
TO SOLID MASS RATIO
Solution out with the processed coal
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plotted as a function of liquid to solid mass ratio, also supports this 
statement. Here, the removal of sodium obtains equilibrium (87.5%) when 
the liquid to solid mass ratio is approximately 2.75/1. The reduction of 
K, Mg, Ca, and A1 reached their equilibrium values between liquid to 
solid mass ratios of 3.5 and 4, and followed the order of selectivity for 
a weakly acidic cation exchanger. It can be concluded then that the 
liquid to solid mass ratio has no significant effect on the rate of 
cation reduction as long as enough hydrogen ions are provided to complete 
the ion exchange process.
The reduction of Na, K, Mg, Ca, and A1 based on the cations 
remaining in the processed coal plotted as a function of liquid to solid 
mass ratio is located in Appendix D, Figure 20.
The overall material balance, moisture, ash free coal balance, and
moisture balance closures (Appendix D, Table 34) were high, averaging
99.3, 99.6, and 99.6 percent, respectively. The sodium ion balance 
closure ranged from 83.15 to 104.64 percent and averaged 94.7 percent.
The potassium ion balance closure was the lowest of the 4 remaining ions 
at 55.9 percent but was consistent.
5.4 Residence Time
The ash reduction plotted as a function of residence time is
illustrated by Figure 8. The ash content of the subbituminous coal is
reduced by 37.1 percent at a residence time of 25 minutes and 37.8 
percent at 50 minutes. This indicates that residence times longer than 
25 minutes do not have a significant effect on the ash reduction and are, 
therefore, not necessary. Figure 9 shows the normalized Na, K, Mg, Ca, 
























FIGURE 8. PROCESSED COAL ASH CONTENT AS A FUNCTION OF RESIDENCE TIME
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Sulfuric Acid Concentration = 0.25825 N 
Mean Particle Diameter = 0.814 mm 
Liquid to Solid Mass Ratio = 3
FIGURE 9. NORMALIZED CATION REDUCTION AS A JUNCTION OF RESIDENCE TIME 
*Solution out with the processed coal
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previous statement. According to Figure 9, the reduction of sodium is 
initially extremely rapid, and the equilibrium value (89%) of sodium 
reduction is reached at a residence time of approximately 25 minutes. 
Sodium was, again, the ion most readily removed followed by K, Mg, Ca, 
and Al. The potassium ion reduction was less than it had been for 
previous operating parameter investigations due to the drift in the 
atomic absorption spectrophotometer. The equilibrium values of all the 
cations was obtained within 40 minutes.
The reduction of Na, K, Mg, Ca, and Al based on the cations 
remaining in the processed coal plotted as a function of residence time 
is located in Appendix E, Figure 21.
The overall material balance, moisture, ash free coal balance, and 
moisture balance closures (Appendix E, Table 41) averaged 99.1, 99.4, and 
99.3 percent, respectively. The sodium ion balance closure ranged from 
95.86 to 99.82 percent and averaged 97.9 percent. The magnesium ion 
balance closures were also high, averaging 86.4 percent, and the average 
potassium ion balance closure was the lowest at 58.1 percent.
5.5 Reproducibility of Results
During this investigation, 3 individual runs were performed where 
the initial sulfuric acid concentration was 0.25825 N, the coal particle 
size was -10 x +48 mesh (0.814 mm mean particle diameter), the liquid to 
solid mass ratio was 3/1, and the residence time was 23.5 minutes. The 
purpose of these replications was to test this ion exchange process for 
reproducible results. Table 6 contains the moisture and ash content of 
the processed coal for these 3 runs, along with the metal constituent 
content of the processed coal and the normalized reduction of the metal 
constituents according to the composition of the liquid effluent and
TABLE 6 . REPRODUCIBILITY OF RESULTS
Solution Concentration = 
Particle Size Range =
Mean Particle Diameter = 
Liquid to Solid Mass Ratio 
Residence Time =
0.25825 N H2 S04  















Average Metal Constituents in 
the Processed Coal 
(pg/g MAF coal)
Percent Normalized Removal 
(Based on the Effluent and SWPCa)
Na K Mg Ca A1 Na K Mg Ca A1
6 30.88 1.55 2.24 373.0 29.2 437.8 3162.5 973.1 87.07 62.73 59.56 43.00 26.85
6R-lb 30.84 1.56 2.25 374.4 30.9 455.8 3092.9 976.7 87.48 61.24 58.21 43.53 25.97





Tyler Standard Screen Scale 
Solution Out with the Processed Coal 
First Repeat of Sample Number 6  
Second Repeat of Sample Number 6
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SWPC. Table 6 reveals that consistent results occur when the ion 
exchanger is run at identical operating parameters, as the normalized 
removal of Na, K, Mg, Ca, and A1 had maximum differences of 0.52, 2.38, 
2.27, 1.87, and 7.55 percent, respectively.
Additional comparison of results can be made by consulting the 
appendices. Sample number 6 is found in Appendix C, sample number 6R-1 
(first repeat of sample number 6 ) is located in Appendix D, and sample 
number 6R-2 (second repeat of sample number 6 ) is contained in Appendix 
E.
5 . 6  Sulfur Reduction
The sulfur content of the as-received, -10 x +48 mesh (0.814 mm mean 
particle diameter) coal was found to be 0.38 percent on a moisture free 
basis. After the coal was brought into contact with 0.25825 N sulfuric 
acid solution and rinsed with distilled water, the sulfur content declined 
to 0.26 percent on a moisture free basis. In other words, by undergoing 
the ion exchange process, the sulfur content in the as-received coal was 




The interruption test was conducted in the countercurrent ion 
exchange unit to determine experimentally whether film diffusion or 
particle diffusion were rate controlling. The initial data and 
calculated results of the interrruption test are given in Table 7.
Samples taken during the interruption test included; 1) at the start of 
the interruption (5 minutes), 2) at the end of the interruption (18.5 
minutes), and 3) at the end of the run (23.5 minutes). The percent 
sodium reduction was plotted as a function of residence time and is 
presented in Figure 10 where points A, B, and D refer to samples 1, 2 and 
3, respectively. Figure 10 indicates that the ion exchange process is 
controlled by film diffusion because the interruption has little effect 
on the ion exchange rate. For particle diffusion to be rate controlling, 
the rate of ion exchange would follow a path similar to that of the 
broken line, from point A to C to D. Point A and point C would be 
approximately equal, and when the coal is reimmersed into the dilute 
sulfuric acid solution (point C to D), an accelerated rate of ion 
exchange would occur.
6 .2 Theoretical Model for Varying Residence Time
Since film diffusion proved to be rate controlling, Equation (12) 
was used to determine the fractional attainment of the sodium reduction 
equilibrium, U(t). The theoretical percent sodium reduction was 
calculated according to Equation (21).
% Na reduction = U(t) P (21)
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TABLE 7. INITIAL DATA AND CALCULATED RESULTS OF THE INTERRUPTION TEST
Initial Sulfuric Acid Concentration = 
Mean Particle Diameter =
Liquid to Solid Mass Ratio =
Residence Time =





3230.6 pg/g MAF coal
At t = 0 minutes; Start Run
At t = 5 minutes; Start Interruption, Sample Number 1 taken
At t = 18.5 minutes; End Interruption, Sample Number 2 taken











Moisture Free Sample Weight (g) 
Moisture Weight (g)
Ash Weight (g)
Percent Ash (dry basis)
Percent Moisture
Ash Weight in Pellet (g)
Sodium Content (ppm)









33.5 14.0 1 2 . 0
1518.0 492.5 378.4
53.01 84.76 8 8 . 0 1
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RESIDENCE TIME (Minutes)




P = the percent of the sodium removed experimentally when 
equilibrium is attained.
Equation (11) was used to determine the film thickness (6 ), and the 
diffusion coefficient (D) was calculated by rearranging Equation (10) to 
yield Equation (10').
D = (0.23 r 6 C)/(t, C) (10')o 5
The half time, tj, is the only unknown variable in Equation (10'). 
The half time can be graphically determined by plotting the percent 
sodium reduction as a function of residence time as shown in Figure 11. 
Since 90 percent of the sodium is removed when equilibrium is attained, 
the half time is determined by finding the time required to remove 45 
percent of the coal's initial sodium content. With the half time (243 
seconds) known, D and U(t) can be calculated in order to determine the 
theoretical percent sodium reduction. The theoretical sodium reduction 
for varying residence time is compared to the experimental sodium 
reduction in Table 8 and each are plotted as a function of residence time 
in Figure 12. Statistical analysis at the 0.05 significant level and 3 
degrees of freedom (Appendix F, section U) indicates that the average 
difference between the theoretical and experimental sodium reduction is 
not significant. The individual differences between the theoretical and 
experimental sodium reduction were also insignificant when Tukey's wholly 
significant difference (WSD) test (48) was applied at the 0.05 
significance level (Appendix F, section U).
6 .3 Theoretical Model for Varying Initial Sulfuric Acid Concentration
In order to calculate the diffusion coefficient (D) for each run 






























FIGURE 11. SODIUM REDUCTION AS A FUNCTION OF RESIDENCE TIME TO 
DETERMINE THE HALF TIME
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TABLE 8 . COMPARISON OF THEORETICAL TO EXPERIMENTAL SODIUM REMOVAL FOR 
VARYING RESIDENCE TIME
Initial Sulfuric Acid Concentration = 0.25825 N = 0.29093 meq/cm^
Mean Particle Diameter = 0.814 mm 
Liquid to Solid Mass Ratio = 3
Na Content of As Received Coal = 3230.6 yg/g MAF coal = 0.12968 meq/cm^ 













Percent Sodium Removed 
Theoretical Experimental
15 1.6141 x 10" 7 644 0.0094 76.34 78.45
16 1.5626 x 10“ 7 988 0.0091 84.56 83.38
6R-2* 1 .5111 x 10- 7 1406 0.0088 88.34 88.05
17 1.4596 x 10" 7 3045 0.0085 89.98 89.45






























FIGURE 12. THEORETICAL AND EXPERIMENTAL SODIUM REDUCTION AS A FUNCTION 
OF RESIDENCE TIME
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for each concentration must be determined. In order to calculate the 
half time, the residence time must be varied at each concentration, which 
was beyond the scope of this study.
When coal is brought into contact with sulfuric acid solution, the 
sodium ions in the coal are easily exchanged for the hydrogen ions in the 
solution. Increasing the number of hydrogen ions per unit volume in the 
solution then accelerates the rate at which the coal can be depleted of 
its sodium ions, which reduces the half time. Decreasing the hydrogen 
ion content per unit volume of the solution increases the time required 
for the coal to exchange its sodium ions, which increases the half time. 
When the coal contains more sodium ions than the solution has hydrogen 
ions, the coal cannot be depleted of all of its exchangeable sodium ions 
so the equilibrium sodium reduction level is not at the maximum. There­
fore, in order to calculate the half time for varying initial sulfuric 
acid solution concentration, it is assumed that the half time is directly 
proportional to the initial sulfuric acid solution concentration with the 
stipulation that the initial sulfuric acid solution concentration is near 
or exceeds the required minimum acid strength concentration necessary for 
complete ion exchange.
The half times for varied initial sulfuric acid concentration were 
calculated according to Equation (22).
(l^SO^ concentration) * (half time) = Constant "X" (22)
For an initial sulfuric acid concentration of 0.25825 N, the half 
time was 243 seconds, giving X a value of 62.755. The calculated half 
times are presented in Table 9 and are shown graphically as a function of 
residence time in Figure 13. Points A, B, C, and D in Figure 13 represent 
the calculated half times for sample numbers 5 (0.86033 N H9 S0^), 4
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TABLE 9. COMPARISON OF THEORETICAL TO EXPERIMENTAL SODIUM REMOVAL FOR 
VARYING INITIAL SULFURIC ACID CONCENTRATION 
VARYING INITIAL
Mean Particle Diameter = 0.814 mm 
Residence Time = 23.5 minutes = 1410 seconds 
Liquid to Solid Mass Ratio = 3
Na Content of As-Received Coal = 3230.6 yg/g MAF coal = 0.12968 meq/cm^ 
Film Thickness = 0.0088 cm
Amount of Sodium Removed at Equilibrium = 90 percent
Sample Calcu- Diffusion Initial Percent Sodium Removed
Number lated
Half




(sec) 2(cm /sec) (N) 3(meq/cm )
1 *** *** 0.0000* 0.0000* *** 38.20
2 1 1 0 2 1.5118 x 10- 7 0.05692 0.06412 52.76 66.08
3 288 1.5094 x 10- 7 0.21825 0.24575 86.93 80.72
4 148 1.4944 x 10- 7 0.44067 0.49643 89.89 89.52
5 73 1.5099 x 10" 7 0.86033 0.96919 90.00 90.25
*Distilled Water






























FIGURE 13. SODIUM REDUCTION AS A FUNCTION OF RESIDENCE TIME FOR 
VARYING INITIAL SULFURIC ACID CONCENTRATION ACCORDING 
TO THE CALCULATED HALF TIMES
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(0.44067 N H2 S04), 3 (0.21825 N H2 S04>, and 2 (0.05692 N H2 S04), 
respectively. The half time for sample number 1 could not be calculated 
because of division by zero. Figure 13 shows that the calculated half 
times are probable, with the exception of point E where the initial 
sulfuric acid concentration was approximately 4 times less than that of 
the required minimum concentration.
The calculated half times were used to determine D, U(t), and the 
theoretical sodium reduction for each initial sulfuric acid concentration. 
The theoretical and experimental sodium reduction are also presented in 
Table 9, and both are plotted as a function of initial sulfuric acid 
concentration in Figure 14.
Since it was obvious that the calculated half time for sample number 
2 was erroneous, sample number 2 was not included in the statistical 
analysis. The average difference between the theoretical and 
experimental sodium reduction was found not to be significant at the 0.05 
significance level and 2 degrees of freedom. The individual differences 
between the theoretical and experimental sodium reduction were also found 
to be insignificant when the WSD test was applied. The WSD test at the 
0.05 significance level did, however, find a significant difference when 
sample number 2 was considered.
6 .4 Theoretical Model for Varied Coal Particle Size
In order to calculate the diffusion coefficient for each run where 
the coal particle size is varied, the half time for each coal particle 
size must be determined. In order to calculate the half time, the 
residence time must be varied at each coal particle size, which again was 






























FIGURE 14 THEORETICAL AND EXPERIMENTAL SODIUM REDUCTION AS A 
FUNCTION OF INITIAL SULFURIC ACID CONCENTRATION
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The half times for the different particle sizes was estimated in the 
same manner previously outlined. It was assumed that the half time is 
inversely proportional to the coal particle size as shown in Equation
(23) .
(half time)/(mean coal particle radius) = Constant "Z" (23)
The sodium ions in the coal are located in the coal pores. In order 
for ion exchange to occur, the sulfuric acid solution has to migrate down 
these pores to get the hydrogen ions to the exchange site. Since large 
coal particles have deeper pores and fewer pore openings at the surface 
on a weight basis (because of less surface area) than small coal parti­
cles do, more time is required for the sulfuric acid solution to reach 
all of the exchange sites, which increases the half time. Therefore, as 
the coal particle size increases, the half time also increases.
The equilibrium sodium removal level in large coal particle sizes is 
also lower because more of the pore openings are inaccessible to the 
sulfuric acid solution. If the sulfuric acid solution cannot reach the 
exchange site, ion exchange is impossible.
The value for the constant "Z" was calculated to be 5,970.5 by using 
the known half time of 243 seconds for -10 x +48 (0.814 mm mean particle 
diameter) mesh coal. The calculated half times for varying coal particle 
size is presented in Table 10 and shown graphically in Figure 15. Points 
A, B, D, E, and F represent the calculated half times for samples numbers 
11 (0.350 mm mean coal particle diameter), 10 (0.494 mm), 9 (0.700 mm), 8  
(0.986 mm), and 7 (1.388 mm), respectively. Point C is the known half 
time for sample number 6 (0.814 mm).
Since Figure 15 reveals no obvious errors in the calculated half 
times, D and U(t) could be calculated for each coal particle size. In
TABLE 10. COMPARISON OF THEORETICAL TO EXPERIMENTAL SODIUM REMOVAL FOR VARYING PARTICLE SIZE
Initial Sulfuric Acid Concentration = 0.25825 N = 0.29093 meq/cm 
Residence Time = 23.5 minutes = 1410 seconds 




























Percent Sodium Removed 
Theoretical Experimental
6 243 1.5111 X 1 0 ~ 7 0.814 0.0088 3230.0 0.12968 90 88.36 88.44
7 414 2.1748 X 1 0 ~ 7 1.388 0.0159 2611.7 0.10321 85 76.86 74.41
8 294 1.5922 X 1 0 ~ 7 0.986 0.0108 2795.8 0 . 1 1 1 2 1 85 81.89 79.78
9 209 1.2447 X i o - 7 0.700 0.0075 3151.6 0.12536 90 89.14 90.66
1 0 147 9.2298 X IQ' 8 0.494 0.0052 3217.3 0.13362 95 94.87 93.50
1 1 104 6.4154 X i o “ 8 0.350 0.0036 3183.0 0.13396 95 94.99 94.97
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FIGURE 15. SODIUM REDUCTION AS A FUNCTION OF RESIDENCE TIME FOR
VARYING COAL PARTICLE SIZE ACCORDING TO THE CALCULATED 
HALF TIMES
Tyler Standard Screen Scale
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order to determine the theoretical sodium reduction, the amount of sodium 
removed at equilibrium had to be estimated. It was known that 90 percent 
of the sodium was removed at equilibrium for coal with a mean coal 
particle diameter of 0.814 mm (sample number 6 ). Therefore, it was 
assumed that 95 percent of the sodium could be removed at equilibrium for 
smaller coal particle sizes (sample numbers 10 and 11) and only 85 
percent when the coal particle sizes were larger (sample numbers 7 and 
8 ). Sample number 9 was approximately of equivalent mean coal particle 
diameter, so it was assumed that 90 percent of its sodium could be 
removed when equilibrium was attained.
The theoretical sodium reduction along with the experimental sodium 
reduction are also presented in Table 10 and they are plotted as a 
function of mean coal particle diameter in Figure 16. Statistical 
analysis at the 0.05 significance level for 5 degrees of freedom indicate 
that the average difference between the theoretical and experimental 
sodium reduction was not significant. The individual differences between 
the theoretical and experimental sodium reduction was also tested at the 
0.05 significance level by the WSD test. All of the individual 
differences were found to be insignificant.
6 .5 Theoretical Model for Varying Liquid to Solid Mass Ratio
Increasing or decreasing the liquid to solid mass ratio should not 
have much effect on the sodium reduction because the hydrogen ion 
concentration per unit volume remains the same. Increasing the liquid to 
solid mass ratio in a continuous countercurrent ion exchanger only means 
that more hydrogen ions will not be exchanged for sodium ions because 
more of the hydrogen ions ion the solution never get to the exchange site 
in the coal. The only restriction on the liquid to solid mass ratio is
72
MEAN PARTICLE DIAMETER (mm)
FIGURE 16. THEORETICAL AND EXPERIMENTAL SODIUM REDUCTION AS A FUNCTION 
OF MEAN PARTICLE DIAMETER
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that there in enough hydrogen ions per unit time provided to be exchanged 
with all of the exchangeable sodium ions (obtain maximum sodium reduction 
equilibrium). Therefore, for this study, it was assumed that the half 
time for a 2/1, 4/1, and 5/1 liquid to solid mass ratio was the same as 
the half time for a 3/1 liquid to solid mass ratio. In order to prove 
that this assumption is correct, the residence time would have to be 
varied at each liquid to solid mass ratio, which was also beyond the 
scope of this study.
Because of the previous assumption, the theoretical sodium reduction 
for varying liquid to solid mass ratio is the same, as shown in Table 11. 
The theoretical and experimental sodium reduction plotted as a function 
of liquid to solid mass ratio reveals two straight lines as shown in 
Figure 17. Statistical analysis on the 0.05 significance level and 3 
degrees of freedom for the average difference between the theoretical and 
experimental sodium reduction indicates that there is no significant 
difference. The WSD test applied at the 0.05 significance level 
indicates that the individual differences between the theoretical and 
experimental sodium reduction are all insignificant.
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TABLE 11. COMPARISON OF THEORETICAL TO EXPERIMENTAL SODIUM REMOVAL FOR 
VARYING LIQUID TO SOLID MASS RATIO
Initial Sulfuric Acid Concentration = 0.25825 N = 0.29093 meq/cm^
Mean Particle Diameter = 0.814 mm 
Residence Time = 23.5 minutes = 1410 seconds 
Half Time = 243 seconds
Na Content of As Received Coal = 3230.6 yg/g MAF coal = 0.12968 meq/cm^ 














Percent Sodium Removed 
Theoretical Experimental
1 2 1.4768 x 10" 7 2 0.0086 88.34 86.77
6R-1* 1.5111 x 10- 7 3 0.0088 88.34 88.47
13 1.5626 x 10" 7 4 0.0091 88.34 86.44
14 1.6141 x 10" 7 5 0.0094 88.34 87.51
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A  - Theoretical Sodium Removal
#  = Experimental Sodium Removal
—
_!_ _J___________ 1__ J_____
1 2 3 4 5
LIQUID TO SOLID MASS RATIO
FIGURE 17. THEORETICAL AND EXPERIMENTAL SODIUM REDUCTION AS 
A FUNCTION OF LIQUID TO SOLID MASS RATIO
CHAPTER 7 
CONCLUSIONS
1. It was concluded from the interruption test that the ion exchange 
process is controlled by film diffusion in the continuous 
countercurrent unit used.
2. The theoretical equation proposed by Helfferich for ion exchange 
systems controlled by film diffusion provides an accurate approxi­
mation to predict the sodium removal providing that the equilibrium 
sodium removal is known and the exchange solution contains enough 
hydrogen ions to complete the ion exchange process.
3. The assumptions that the half time is directly proportional to the 
initial sulfuric acid concentration, inversely proportional to the 
mean coal particle size, and independent of the liquid to solid mass 
ratio proved to be accurate, providing that enough hydrogen ions are 
present in the solution to complete the ion exchange process.
4. The liquid to solid mass ratio has no significant effect on the 
sodium reduction, providing that enough hydrogen ions are present in 
the solution to complete the ion exchange process.
5. The initial sulfuric acid concentration and the residence time are 
directly proportional concerning the equilibrium sodium reduction 
value, providing that enough hydrogen ions are present in the 
solution to complete the ion exchange process.
6 . The equilibrium sodium removal was found to be more sensitive to 




7. Smaller coal particle sizes are able to have more sodium ions 
exchanged for hydrogen ions than large coal particle sizes are.
8 . At equilibrium, 95 percent of the initial sodium content of Nerco 
subbituminous coal can be removed by ion exchange when dilute 
sulfuric acid is used as the exchange medium in a continuous 
conutercurrent manner with coal of small particle size.
APPENDIX A
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CAR-1.1 - 1 0 X +48 0.814 6.4516 6.0629 4.9555 4.6393 0.1724 0.1647 1.4961 1.4236
CAR-1.2 - 1 0 X +48 0.814 5.8453 6.4196 4.4828 4.8975 0.1605 0.1748 1.3625 1.5221
CAR-1.3 - 1 0 X +48 0.814 6.3468 5.9547 4.8625 4.5518 0.1716 0.1598 1 .4843 1 .4029
CAR-2 - 1 0 X +14 1.388 6.3658 6.3653 4.8109 4.8803 0.1410 0.1400 1.4549 1.4850
CAR-3 -14 X + 2 0 0.986 6.3228 6.2750 4.8477 4.8167 0.1441 0.1512 1.4751 1.4583
CAR-4 - 2 0 X +28 0.700 6.2599 5.2386 4.8207 4.0337 0.1684 0.1331 1 .4392 1.2049
CAR-5 -28 X +35 0.494 5.1057 6.0869 3.9508 4.7039 0.1379 0.1643 1 .1549 1.3830
CAR- 6 -38 X +48 0.350 6.0535 5.3517 4.7072 4.1583 0.1634 0.1434 1.3463 1.1934
*Tyler Standard Screen Scale








Percent Ash (wet) Percent Ash (dry) Ash Wt.
Replicate Average Replicate Average in
Samples Samples Pellet
____________________________________ teL_ *
CAR-1.1 - 1 0 X +48 0.814 23.19 23.48 2.67 2.72 3.48 3.55
CAR-1.2 - 1 0 X +48 0.814 23.31 23.71 - 23.44a 2.74 2.72 a- 2.70 3.58 3.58 a-3.54 0.0710
CAR-1.3 - 1 0 X +48 0.814 23.39 23.56 2.70 2 . 6 8 3.53 3.51
CAR-2 - 1 0 X +14 1.388 23.22 23.33 23.28 2.25 2 . 2 0 2 . 2 2 2.93 2.87 2.90 0.0709
CAR-3 -14 X + 2 0 0.986 23.33 23.24 23.28 2.28 2.41 2.34 2.97 3.14 3.06 0.0700
CAR-4 - 2 0 X +28 0.700 22.99 23.00 23.00 2.69 2.54 2.62 3.49 3.30 3.40 0.0698
CAR-5 -28 X +35 0.494 22.62 22.72 22.67 2.70 2.70 2.70 3.48 3.49 3.48 0.0706
CAR- 6 -35 X +48 0.350 22.24 22.30 22.27 2.70 2 . 6 8 2.69 3.47 3.45 3.46 0.0715
*Tyler Standard Screen Scale 
Average of 6 Values
TABI.E 14. METAL CONSTITUENTS IN THE AS-RECEIVED COAL








(pg/g MAF coal) (% ox ide in ash)
(nun) Na K Mg Ca Al Na K Mg Ca Al Na20 k 2o MgO CaO Al2°3
CAR-1 -10 X +48 0.814 62.5 0.28 0.25 1.50 4.0 3230.6 144.7 1292.2 7753.3 2067.6 11.86 0.48 5.87 29.58 10.64
CAR-2 -10 X + 14 1.388 62.0 0.27 0.26 1.50 4.0 2611.7 113.7 1095.2 6318.6 1685.0 11.79 0.46 5.64 29.62 10.66
CAR-3 -14 X +20 0.986 62.0 0.27 0.27 1.50 4.0 2795.8 121.8 1217.5 6764.1 1803.8 11.94 0.46 5.71 30.00 10.79
CAR-4 -20 X +28 0.700 62.5 0.27 0.25 1.50 4.0 3151.6 136.1 1260.6 7563.8 2107.0 12.07 0.47 5.97 30.08 10.82
CAR-3 -28 X +35 0.494 63.0 0.28 0.25 1.50 4.0 3217.3 143.0 1276.7 7660.3 2042.8 12.03 0.48 5.90 29.74 10.70
CAR-6 -35 X +48 0.350 63.5 0.29 0.26 1.55 4.5 3183.0 145.4 1303.3 7769.5 2255.7 11.97 0.49 6.06 30.35 11 .89
Tyler Standard Screen Scale
**lhis is the raw data obtained from the atomic absorption spectrophotometer when the dilute nitric acid-processed coal ash 
sample was analyzed. The dilution factors were: Na = lx: K = lOx; Mg = lOOx; Ca = lOOx; and Al = lOx.
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TABLE 15. RAW DATA OF PROCESSED COAL FOR VARYING INITIAL SULFURIC ACID
CONCENTRATION
Particle Size Range =
Mean Particle Diameter = 
Liquid to Solid Mass Ratio = 
Residence Time = *


























1 0 .0 0 a 6.5115 4.3578 4.3480 2.8986 0.1373 0.0902 2.2035 1.4592
2 5.692 4.4334 4.1801 3.0302 2.8550 0.0818 0.0776 1.4014 1.3251
3 21.815 4.2587 4.1475 2.9176 2.8664 0.0715 0.0718 1.3411 1.2811
4 44.067 4.9787 6.4661 3.4381 4.4645 0.0763 0.0993 1.5406 2.0016
5 86.033 4.9590 5.1755 3.4456 3.5644 0.0734 0.0758 1.5134 1.6111
*Tyler Standard Screen Scale 
aDistilled Water
Particle Size Range'' = -10 x +48 mesh
Mean Particle Diameter = 0.814 mm
Liquid to Solid Mass Ratio = 3
Residence Time = 23.5 minutes







(n x i o o ;













1 0 .0 0 a 33.63 33.48 33.56 2 . 1 0 2.07 2.08 3.16 3.11 3.14 0.0727 0.0702
2 5.692 31.65 31.70 31.68 1.85 1.85 1.85 2.70 2.72 2.71 0.0673 0.0694
3 21.815 31.49 30.89 31.19 1.69 1.73 1.71 2.45 2.50 2.48 0.0687 0.0693
4 44.067 30.94 30.95 30.94 1.53 1.53 1.53 2 . 2 2 2.24 2.23 0.0715 0.0701
5 86.033 30.52 31.13 30.82 1.48 1.46 1.47 2.13 2.13 2.13 0.0689 0.0652
Tyler Standard Screen Scale 
aDistilled Water
TABLE 17. MATERIAL BALANCE DATA FOR VARYING INITIAL SULFURTC ACID CONCENTRATION
Particle Size Range =
Mean Particle Diameter = 
Liquid to Solid Mass Ratio 
Residence Time =
Rate of Coal in =
Rate of MF Coal in =
Rate of MAF Coal in =
Coal Out with the Effluent 
Rate of Solution in =












































1 o . o o b 5.3102 3.5329 0.1152 1.7773 33.47 2.17 11.3 7.52 7.27 19.9 c
2 5.692 4.9738 3.3916 0.0855 1.5822 31.81 1.72 11.0 7.50 7.31 20.0 c
3 21.815 4.8821 3.3613 0.0854 1.5208 31.15 1.75 10.9 7.50 7.31 19.9 c
4 44.067 5.0133 3.4652 0.0832 1.5481 30.88 1 .66 10.9 7.53 7.35 20.1 c
5 86.033 5.1717 3.5773 0.0796 1.5944 30.83 1.54 10.8 7.47 7.30 20.0 c
*
AATyler Standard Screen Scale
Sample was too Small for Analysis
Solution Out with the Processed Coal
Distilled Water cSolution was Discarded without Being Analized
TABU-: 18. METAL CONSTITUENTS IN THE PROCESSED COAL FOR VARYINC INITIAL SULFURIC ACID CONCENTRATION
Particle Size Range =
Mean Particle Diameter = 
Liquid to Solid Mass Ratio 
Residence Time =











M e t a 1 C 
Raw Data** 
(ppm)
o n s t i t u e n t s i n  t h e  
(pg/g MAF coal)




(N x 100) Na K Mg Ca A1 Na K Mg Ca A1 Na^O k 2o MgO CaO A1203
i 0. ooa i 45.0 0.210 0. 200 1.35 4.0 2019.8 94.2 897.8 6059.4 1795.4 8.34 0.35 4.58 26.00 10.39
2 44.0 0.210 0.190 1.30 4.0 2011.8 96.0 868.8 5944.1 1829.0 8.45 0.36 4.51 25.92 10.76
average 2015.8 95. 1 883.3 6001.8 1812.2 8.40 0.36 4.54 25.96 10.58
2 5.692 i 26.5 0.160 0.170 1.10 3.5 1092.6 66.0 700.9 4535.5 1443.1 5.31 0.29 4.21 22.88 9.82
2 27.5 0. 160 0.170 1.15 3.5 1107.9 64.5 684.9 4633.2 1410.1 5.34 0.28 4.08 23.20 9.53
average 1100.2 65.2 692.9 4584.4 1426.6 5.32 0.28 4.14 23.04 9.66
3 21.815 i 17.0 0.120 0.140 1.00 3.0 621.5 43.9 511.8 3655.8 1096.7 3.34 0.21 3.40 20.39 8.24
2 17.0 0.125 0.140 1.00 3.0 629.0 46.2 518.0 3700.0 1110.0 3.31 0.22 3.37 20.20 8.18
average 625.2 45.0 514.9 3677.9 1103.4 3.32 0.22 3.38 20.30 8.21
4 44.067 i 11.0 0.080 0.125 0.95 3.0 349.3 25.4 396.9 3016.6 925.2 2.07 0.13 2.91 18.60 7.92
2 10.0 0.075 0.120 0.90 3.0 326.9 24.5 392.2 2941.8 980.6 1.92 0.13 2.85 17.97 8.08
average 318.1 25.0 394.6 2979.2 966.6 2.00 0.13 2.88 18.28 8.00
5 86.033 i 10.0 0.07 5 0.115 0.90 3.0 315.9 23.7 363.2 2842.8 947.6 1.96 0.13 2.78 18.28 8.22
2 9.5 0.070 0. 110 0.85 2.5 317.1 23.4 367.2 2837.3 834.5 1 .96 0.13 2.81 18.25 7.24
average 316.5 23.6 365.2 2840.0 891.0 1.96 0.13 2.80 18.26 7.73
Tyler Standard Screen Scale 
aDist i1 led Water
This is the raw data obtained from the atomic absorption spectrophotometer when the dilute nitric acid-processed coal ash 
sample was analyzed. The dilution factors were: Na = lx; K = lOx; Mg = lOOx; Ca = lOOx; and A1 = lOx.
TABLE 19. METAL CONSTITUENTS IN THE EFFLUENT AND SWPC'* FOR VARY INC INITIAL SULFURIC ACID CONCENTRATION
AParticle Size Range = -10 x +48 mesh
Mean Particle Diameter = 0.814 mm
Liquid to Solid Mass Ratio = 3
Residence Time = 23.5 minutes
Sample 
Number
So 1u t ion 
Concen- 
t rat ion




Const i t uents in the Ef f1uent 
(pg/g solut ion)
Me t a 1 
(ppm)




(N x 100) Na K Mg Ca A1 Na K Mg Ca A1 Na K Mg Ca A1 Na K Mg Ca A1
1 o.oo1’ 1 27.0 0.99 0.08 0.3 0.0 270 9.9 80 120 0 a  a AA A A AA AA AA AA A A AA AA
2 26.0 0.99 0.08 0.4 0.0 260 9.9 80 160 0
average 265 9.9 80 140 0
2 5.692 1 58.0 1.49 0. 15 0.9 3.0 580 14.9 150 360 30 ** A A AA AA AA AA A A AA AA A A
2 58.0 1.50 0.13 0.8 4.0 580 15.0 130 320 40
average 580 15.0 140 340 35
3 21.815 1 86.0 1.72 0. 19 1.5 11.0 860 17.2 190 600 110 A A AA AA AA AA A A A A AA A A A A
2 88.0 1 . 71 0.19 1.5 10.0 880 17.1 190 600 100
average 870 17.2 190 600 105
4 44.067 1 98.0 1.91 0.22 1 .7 15.0 980 19. 1 220 680 150 AA AA AA AA AA AA A A A A AA AA
2 97.0 1.91 0.21 1.8 15.0 970 19. 1 210 720 150
average 975 19.1 215 700 150
5 86.033 l 101.0 2.05 0.23 2.1 18.0 1010 20.5 230 840 180 AA AA A A AA A A A A AA A A A A AA
2 102.0 2.07 0.23 2.0 17.0 1020 20.7 230 800 170
average 1015 20.6 230 820 175
^Solution with the Processed Coal 
Tyler Standard Screen Scale 
,^Disti11ed Water
Solution was Discarded without Being Analized
TABLE 20. MATERIAL BALANCE CLOSURES ANO NORMALIZED REMOVAL FOR VARYING INITIAL SULFURIC ACID CONCENTRATION
Particle Size Range = 
Mean Particle Diameter = 
Liquid to Solid Mass Ratio 
Residence Time =
















Percent Normalized Removal 
(Based on the Effluent and SWPCa)
Na K Me Ca A1 Na K Me Ca A1
1 0.00b 81 .48 99.05 77.22 84 .04 83.64 84.49 81.57 86.81 26.46 22.18 19.87 6.00 0.00
2 5.692 80.96 99.59 76.53 82.84 73.15 82.92 70.83 73.33 59.06 38.61 35.60 16.87 6.29
3 21 .815 80.44 99.59 76.11 92.28 63.24 79.55 68.22 66.92 79.11 50.99 50.11 30.75 20.58
4 44.067 80.96 100.14 76.50 93.15 53.4 5 76.14 6 3.*20 66.68 88.74 67.63 59.84 39.12 29.79
5 86.033 80.44 99.46 76.04 95.35 55.01 76.61 65.25 65.92 89.78 70.51 63.31 44.17 34.89
Tyler Standard Screen Scale 
^Solution with the Processed Coal 
Distilled Water
TABLE 21. METAL CONSTITUENT REDUCTION FOR VARYING INITIAL SULFURIC ACID CONCENTRATION (BASED ON THE 
PROCESSED COAL)
Particle Size Range* = 
Mean Particle Diameter = 
Liquid to Solid Mass Ratio 
Residence Time =


















(Based on the Processed Coal)
Na K
(pg/min)
Mg Ca A1 Na K
(pg/min)
Mg Ca A1 Na K Mg Ca A1
1 0.00a 23713 1062 9485 56909 15176 14655 691 6422 43633 13715 38.20 34.90 32.30 23.33 13.19
2 5.692 23713 1062 9485 56909 15176 804 2 477 5065 33512 10428 66.08 55.09 46.60 41.11 31.28
3 21 .815 23713 1062 9485 56909 15176 4570 329 3764 26885 8066 80.72 69.01 60.32 52.76 46.85
4 44.067 23713 1062 9485 56909 15176 2485 184 2900 21897 7104 89.52 82.70 69.42 61.52 53.19
5 86.033 23713 1062 9485 56909 15176 2310 172 2666 20732 6504 90.25 83.78 71.89 63.57 57.14
O































Mean Particle Diameter = 0.814 mm 
Liquid to Solid Mass Ratio = 3 
Residence Time = 23.5 minutes
SULFURIC ACID CONCENTRATION (Normality)
FIGURE 18. CATION REDUCTION OF THE PROCESSED COAL AS A FUNCTION OF 
INITIAL SULFURIC ACID CONCENTRATION
APPENDIX C
RAW DATA,
ATOMIC ABSORPTION ANALYSIS, 
MATERIAL BALANCE CLOSURES, AND 
METAL ION REMOVAL FOR
VARYING COAL PARTICLE SIZE
92
TABLE 22. RAW DATA OF PROCESSED COAL FOR VARYING PARTICLE SIZE
Solution Concentration = 0.25825 N H2 SO4
Liquid to Solid Mass Ratio = 3
Residence Time = 23.5 minutes
Sample Particle Mean Sample Wt. (wet) Sample Wt. (dry) Ash Wt. Moisture Wt.
Number Size Particle (g) (g) (g) (g)
(mesh)* Diameter Replicate Replicate Replicate Replicate
__________ _________(mm) Samples___________Samples__________Samples___________Samples
6 - 1 0 X +48 0.814 6.8474 7.4212 4.7986 5.0582 0.1705 0.1138 2.0488 2.3630
7 - 1 0 X +14 1.388 7.8452 7.2609 5.4873 5.0909 0.1492 0.1365 2.3579 2.1700
8 -14 X + 2 0 0.986 6.8337 7.5620 4.6940 5.1428 0,1312 0.1404 2.1397 2.4192
9 - 2 0 X +28 0.700 6.3298 7.2607 4.3742 4.9151 0.0997 0,1113 1 .9556 2.3456
1 0 -28 X +35 0.494 6.9835 7.8484 4.7545 5.1181 0.0981 0,1084 2.2290 2.7303
1 1 -35 X +48 0.350 7.2560 7.5682 5.0032 5.0787 0.0906 0.0957 2.2508 2.4895
u>
Tyler Standard Screen Scale
TABLE 23. MOISTURE AND ASH CONTENT OF PROCESSED COAL FOR VARYING PARTICLE SIZE
Solution Concentration = 0.25825 N l^SO^
Liquid to Solid Mass Ratio = 3






















6 - 1 0 X +48 0.814 29.92 31.84 30.88 1.57 1.53 1.55 2.24 2.25 2.24 0.0705 0.0711
7 - 1 0 X +14 1.388 30.06 29.89 29.98 1.90 1 . 8 8 1.89 2.72 2 . 6 8 2.70 0.0704 0.0700
8 -14 X + 2 0 0.986 31.31 31.99 31 .65 1.92 1 . 8 6 1.89 2.80 2.73 2.76 0.0700 0.0707
9 - 2 0 X +28 0.700 30.90 32.30 31 .60 1.58 1.53 1.56 2.28 2.26 2.27 0.0704 0.0704
1 0 -28 X +35 0.494 31.92 34.79 33.36 1 .40 1 .38 1.39 2.06 2 . 1 2 2.09 0.0704 0.0705
11 +48 0.350 .3UQ5- 32.89 31.97 1,25 , 1.26 1.26 1.81 US 2 — 1,85 0.0703 0.0702
*Tyler Standard Screen Scale
TABU; 24. MATERIAL BALANCE DATA FOR VARYING PARTICLE SIZE
Solution Concentration = 
Liquid to Solid Mass Ratio = 
Residence Time =
Rate of Solution in =
Coal Out with the Effluent =
0.25825 N II SO
3 2 *
23.5 minutes

























Mo i s -
" ‘ “T  ‘'
Ash
6 -10 X +48 0.814 4.7291 3.2650 0.0766 1.4641 30.96 1 .62
7 -10 X + 14 1.388 5.2211 3.6532 0.0961 1.5679 30.03 1 .84
8 -14 X +20 0.986 4.9226 3.3557 0.0842 1.5669 31.83 1 .71
9 -20 X +28 0.700 4.9888 3.4178 0.0793 1.5750 31.57 1.59
10 -28 X + 35 0.494 5.0054 3.3411 0.0751 1.6643 33.25 1.50
1 1 -35 X +48 0. 350 5.1338 3.5018 0.0760 1.6320 31.79 1.48
**Tyler Standard Screen Scale
Sample was too Small for Analysis 
Solution Out with the Processed Coal
i n. S a m p i e ) C o a 1 F e e d in E f f1uent s w p c a
Wet MF 'RAT Wet MF M A F Rate Rate
Bas i s Basis
(g/min)(g/min)(g/min) (g/min)(g/min)(g/min) (g/min) (g/min)
10.9 7.52 7.35 9.94 7.61 7.34 19.8 7.45
10.8 7.56 7.36 9.94 7.62 7.40 20.4 6.54
1 1.0 7.50 7.31 9.94 7.62 7.32 20.3 6.71
11.0 7.53 7.35 9.94 7.65 7.39 19.7 7.47
11.3 7.54 7.37 9.94 7.69 7.42 19.1 7.54
11.0 7.50 7.34 9.94 7.7 3 7.38 18.9 7.59
TABLE 25. METAL CONSTITUENTS IN THE PROCESSED COAL FOR VARYING PARTICLE SIZE
Solution Concentration = 0.25825 N 11 SO.
Liquid to Solid Mass Ratio = 3












M e t a l  C _ ** Raw Data
(ppm)
o n s t i t u e n t s in 
(pg/g MAF
i t h e 
coal )




Na K Mg Ca A1 Na K Mg Ca A1 Na^O KjO MrO CaO a i2°3
6 -10 x +48 0.814 1 11.0 0.090 0.130 0.95 1.0 157.5 29.2 422.5 1087.6 975.0 2.10 0.15 1.07 18.86 8.04
2 12.0 0.090 0.140 1.00 1.0 188.5 29.1 451.2 1217.4 971.2 2.27 0.15 1.28 19.69 7.97
average 171.0 29.2 417.8 1162.5 971.1 2.18 0.15 1.18 19.23 8.00
7 -10 x + 19 1.188 i 17.0 0. 120 0.140 1 .00 1.0 675.2 47.7 556.0 1971.7 1191.5 1.25 0.20 1.11 19.89 8.05
2 17.0 0.115 0.140 1 .00 1.0 668.8 45.2 550.8 3934.0 1180.2 1.27 0.20 1.11 20.00 8.10
average 672.0 46.4 551.4 1952.8 1185.8 1.26 0.20 1.12 19.96 8.08
8 -14 x +20 0.986 1 14.0 0. 100 0.120 0.90 3.0 576.1 41.2 491.8 1701.7 1234.6 2.70 0.17 2.85 18.00 8.10
2 14.0 0. 100 0.120 0.90 1.5 555.8 19.7 476.4 1572.8 1189.4 2.67 0.17 2.81 17.82 9.15
average 566.0 40.4 485.1 1618.2 1112.0 2.68 0.17 2.84 17.88 8.72
9 -20 x +28 0.700 1 9.0 0.090 0.110 0.90 1.0 289.1 29.8 410.8 2982.8 994.1 1.72 0.15 3.08 17.90 8.05
2 9.0 0.090 0.125 0.90 1.0 295.6 29.5 410.6 2956.0 985.1 1.72 0.15 2.96 17.90 8.05
average 296.0 29.6 420. 7 2969.4 989.8 1.73 0.15 3.02 17.90 8.05
10 -28 x + 15 0.494 1 7.0 0.080 0. 110 0.80 2.5 206.0 21.5 121.8 2154.6 715.8 1.14 0.14 2.60 15.91 6.70
2 7.0 0.080 0.105 0.80 2.5 215.0 24.6 122.6 2457.8 768.0 1.14 0. 14 2.48 15.89 6.70
average 210.5 24.0 121.2 2406.2 751.9 1.14 0.14 2.54 15.90 6. 70
11 -35 x +48 0.150 i 6.0 0.070 0.075 0.06 2.5 157.1 18.4 196.7 1571.1 655.5 1.15 0.12 1.78 11.95 6.72
2 6.0 0.080 0.080 0.06 2.5 164.6 21.0 219.5 1646.5 686.0 1.15 0.14 1.90 11.96 6.71
average 161.0 19.7 208.1 1609.0 670.8 1.15 0.11 1.84 11.96 6.72
*Tyler Standard Screen Scale
**This is the raw data obtained from the atomic absorption spectrophotometer when the dilute nitric acid-processed coal ash 
sample was analyzed. The dilution factors were: Na = lx; K = lOx; Mg = lOOx; Ca = lOOx; and A1 = lOx.
TABLE 26. METAL CONSTITUENTS IN THE EFFLUENT AND SWPC FOR VARYING PARTICLE SIZE
S o l u t i o n  C o n c e n t r a t i o n  = 0 .25825  N H SO
L iqu id  to  S o l i d  Mass R a t i o  « 3
Res idence  Time = 2 3 .5  m inu tes
Sample
Number
P a r t i c l e  
S iz e  ,  
(mesh)
Mean
P a r t i c l e
Diameter




Const i t u e n t s in  th e Ef f l u e n t  
( mr/ r s o l u t i o n )
Metal
(ppm)
Const 1t u e n t s in  t ile  SWPC'1
( p g /g  s o l u t i o n )
(mm) Na K Mr Ca Al Na K Mr Ca Al Na K Mr Ca Al Na K Mr Ca Al
6 -1 0  x +48 0.814 1 9 4 .0 1.69 0 .2 0 1 .6 11.0 940 16.9 200 640 110 14.0 0 .  33 0.  1 1 1.5 6 .0 140 3.3 1 10 600 60
2 9 3 .0 1.70 0 .2 0 1.7 11.0 930 17.0 200 680 110
a v erag e 935 17.0 200 660 110
7 -10  x +14 1. 388 1 51 .0 1.35 0.  13 1 .2 9 . 0 530 13.5 130 480 90 4 2 .0 0 .4 6 0.  14 1 .9 8 .0 420 4 .6 140 760 80
2 52 .0 1.35 0.1 3 1.2 8 .0 520 13.5 1 30 480 80
av e r ag e 525 13.5 1 30 480 85
8 -1 4  x +20 0.986 1 69 .0 1.27 0.  16 1 .4 10.0 690 12.7 160 560 100 16.0 0 .37 0.  14 1.7 6 .0 160 3.7 140 680 60
2 71 .0 1.31 0.  14 1.4 10.0 710 13.1 150 560 100
av e r ag e 700 15.9 150 560 100
9 -2 0  x +28 0 .700 1 8 9 .0 1.62 0 .17 1.6 10.0 890 16.2 180 640 100 9 . 0 0.31 0 .12 1.5 6 . 0 90 3.1 120 600 60
2 89 .0 1.59 0.  18 l . 7 11.0 890 15.9 170 680 1 10
av e r ag e 890 16.1 175 660 105
10 - 2 8  x +35 0.494 1 96 .0 1 .90 0 .1 9 1 .8 11.0 960 19.0 190 720 110 5 .0 0 .2 5 0 .0 8 1 . 1 5 .0 50 2 .5 80 440 50
2 97 .0 1 .89 0 .2 0 1 . / 11 .0 970 18.9 200 680 1 10
av e r ag e 965 19.0 195 700 1 10
1 1 -35  x +48 0 .350 1 99 .0 2.02 0 .2 3 1.9 11.0 990 20.2 230 760 110 2 .0 0 .1 5 0 .07 1 .0 6 .0 20 1 .5 70 400 60
2 100.0 1.99 0 .2 2 1 .8 1 1 .0 1000 19.9 220 720 1 10
av e r ag e 995 20.1 225 740 110
S o l u t i o n  w i th  th e  P ro ces sed  Coal 
T y l e r  S ta n d a rd  S c reen  S c a le
Solution Concentration = 0.25825 N l^SO^
Liquid Lo Solid Mass Ratio = 3
Residence Time = 23.5 minutes *
TABLE 27. MATERIAL BALANCE CLOSURES AND NORMALIZED REMOVAL FOR VARYING PARTICLE SIZE
Sample Particle Mean Percent Closure Percent Closure Percent Normalized Removal
Number Size Particle ____ Material Balance_____ Metal Ion Balance (Based on the Effluent and SWPCa )
(mesh)* Diameter Overall Coal Moisture ----------------------------------  -----------------------------------
_________ ___________ (mm)___________  (MAE) ________ Na______ K Me Ca A1_______ Na______ K Mg Ca A1
6 - 1 0 X +48 0 . oo 99..63 1 0 0 ,.14 99,.77 94..03 79..79 84..32 71.. 66 64..42 87,.07 62..73 59..76 43 . 0 0 26..85
7 - 1 0 X + 14 1 ,.388 98..56 99,.46 98..43 95.. 22 76..90 94..28 93,.79 88 . 10 73.. 12 47.. 22 46.,69 33.. 66 2 0 .54
8 -14 X + 20 0 .986 99..27 99 . 86 99,.44 94 .90 72,.11 84,.50 85..89 91 ,.06 78..70 54..06 52.,91 37..46 2 0 .23
9 - 2 0 X +28 0 .700 99,.69 99 .46 1 0 0 .03 87..51 56 . 0 0 80..58 71 .00 63,.49 89,.33 61 .0 0 58..42 44 .49 25..70
10 -28 X +35 0,.494 99,.08 99 .33 99 .41 85,.29 52..65 70,.83 60,.56 52..91 92..38 68,.34 64 .50 44 .48 30..90
1 1 -35 X +48 0.350 97 .91 99 .46 98 . 20 85,.73 49..44 65..62 50 .30 44,.80 94,.13 73 .02 75 .80 59 . 0 2 33..98
*Tyler Standard Screen Scale 
aSolution with the Processed Coal
Solution Concentration = 0.25825 N H2SO4
Liquid to Solid Mass Ratio = 3
Residence Time = 23.5 minutes
TABLE 28. METAL CONSTITUENT REDUCTION FOR VARYING PARTICLE SIZE (BASED ON THE PROCESSED COAL)
Sample Particle Mean Metal Constituents Metal Constituents Percent Removal
Number Size Particle in the As Received Coal in the Processed Coal (Based on the Processed Coal)
(mesh) Diameter (pg/min) (pg/min)
(nuu ) Na K Mg Ca A1 Na K Mg Ca A1 Na K Mg Ca A1
6 - 1 0 X +98 0.819 23713 1062 9985 56909 15176 2792 215 3218 23299 7152 88.99 79.79 66.07 59.15 52.87
7 - 1 0 X +19 1.388 19326 819 8109 96758 129 69 9996 391 9073 29093 8727 79.91 59.91 99.79 37.78 30.01
8 -19 X + 20 0.986 20965 892 8912 99513 13209 9137 295 3596 26595 9591 79.78 6 6 . 8 8 60.21 96.29 27.36
9 - 2 0 X +28 0.700 23290 996 9228 55367 15923 2176 217 3092 21825 7275 90.66 78.16 66.99 60.58 52.83
10 -28 X +35 0.999 23872 1061 9973 56839 15158 1551 177 2382 17739 5592 93.50 83.33 79.86 68.80 63.99
11 -35 X +98 0.350 23990 1073 9618 57339 16697 1182 199 1527 11817 9929 99.97 86.52 89.12 79.39 70.92
<D
*Tyler Standard Screen Scale
1 0 0
Sulfuric Acid Concentration = 0.25825 N 
Liquid to Solid Mass Ratio = 3 
Residence Time = 23.5 minutes






MATERIAL BALANCE CLOSURES, AND 
METAL ION REMOVAL FOR
VARYING LIQUID TO SOLID MASS RATIO
1 0 1
TABLE 29. RAW DATA OF PROCESSED COAL FOR VARYING LIQUID TO SOLID MASS RATIO
Solution Concentration = 
Particle Size Range = 
Mean Particle Diameter = 
Residence Time =
0.25825 N H2 S04  

























1 2 2 7.4627 7.0937 5.0685 5.0958 0.1152 0.1158 2.3942 1.9979


















0.1243 2.5159 2.4360 
2.5673
'̂Tyler Standard Screen Scale
aFirst Repeat of Sample Number 6
^Raw Data for Coal Leaving with the Effluent
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TABLE 30 MOISTURE AND ASH CONTENT OF PROCESSED COAL FOR VARYING LIQUID TO SOLID MASS RATIO
Solution Concentration = 
Particle Size Range = 
Mean Particle Diameter = 
Residence Time =
0.25825 N H2 S04  
-10 x +48 mesh 
0.814 mm 
23.5 minutes














1 2 2 32.08 28.16 30.12 1.54 1 .63 1.58 2.27 2.27 2.27 0.0702 0.0701
6 R-la 3 30.42 31.26 30.84 1.56 1.56 1.56 2.24 2.26 2.25 0.0706 0.0708









2 . 2 0
2.40
























Tyler Standard Screen Scale 
First Repeat of Sample Number 6
Moisture and Ash Content for Coal Leaving with the Effluent
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TABU- 31. MATERIAL BALANCE DATA FOR VARYING LIQUID TO SOLID MASS RATIO
Solution Concentration = 
Particle Size Range* = 
Mean Particle Diameter = 
Residence Time =
Rate of Coal in =
Rate of MK Coal in =
Rate of MAF Coal in =
0.25825 N II SO 






Sample Liquid Sol 'n P r o c e s s e d C o a 1 0 u t (10 m i n. Sam P 1 e) Coal Out with Ef fluent Ef f1uent SWPC3
Number to Sol id in Sample Wt. Ash Mo is- X % Wet MF MAF Wet MF MAF Rate Rate
Mass (wet) (dry) Wt. ture Mo is- Ash Basis Basis
Ratio (g/m) (g) (g) <g) Wt.(8)
ture (g/min)(g/min)(g/min) (g/min) (g/min) (g/min) (g/min) (g/min)
12 2 19.61 5.0922 3.3894 0.0764 I.7028 33.44 1.50 11.2 7.45 7.29 ** ** ** 11 .8 6.29
6R-lh 3 28.35 5.7384 3.8901 0.0844 1.8483 32.21 1 .47 11.0 7.46 7.30 ** ** A* 19.5 7.56
13 4 38.73 5.6933 3.7957 0.0820 1.8986 33.33 1.44 8.4 5.60 5.48 2.86 1.90 1.85 29.0 7.98
14 5 48.64 5.8212 3.9223 0.0827 1.8989 32.62 1.42 5.5 3.71* 3.63 5.50 3.70 3.61 38.1 8.69
*Tyler Standard Screen Scale 
^Solution Out with the Processed Coal 
fSample was too Small for Analysis 
first Repeat of Sample Number 6
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TABLE 32. METAL CONSTITUENTS IN THE PROCESSED COAL FOR VARYING LIQUID TO SOLID MASS RATIO
Solution Concentration = 
Particle Size Range = 
Mean Particle Diameter = 
Residence Time =
0.25825 N H2S04 











M e t a 1 C„ r. t **Raw Data 
(ppm)
o n s t i t u e n t s i 
(pg/g MAF
n t h '
coa 1)
p P r o c e s s e d C o a l  
(% oxide in ash)
Na K Mg Ca A1 Na K Mg Ca A1 Na20 K20 MgO CaO A1 2°3
12 2 1 13.0 0 . 1 1 0. 15 1 . 1 0 3.5 430. 1 36.4 496.3 3639.6 1158.0 2.50 0.19 3.56 21.94 9.42
2 13.0 0 . 1 1 0.15 1.05 3.5 430.7 36.4 497.0 3479.1 1159.7 2.50 0.19 3.57 20.94 9.43
average 430.4 36.4 496.6 3559.4 1158.8 2.50 0.19 3.56 20.96 9.42
6R-la 3 i 1 2 . 0 0.90 0.14 0.95 3.0 389.5 29.2 454.4 3083.2 973.6 2.29 0.15 3.30 18.84 8.03
2 1 1 . 0 0 . 10 0.14 0.95 3.0 359.2 32.6 457.2 3102.6 979.8 2.09 0.17 3.30 18.78 8 . 0 0
average 374.4 30.9 455.8 3092.9 976.7 2.19 0.16 3.30 18.81 8 . 0 2
13 4 i 1 1 . 0 0.08 0.13 0.90 3.0 353.5 25.7 417.8 2892.2 964.1 2 . 1 1 0.14 3.10 18.00 8 . 10
2 1 1 . 0 0.08 0.13 0.90 3.0 355.8 25.9 420.4 2910.8 970.2 2 . 1 1 0.14 3.09 17.95 8.07
average 422.0 25.8 419.1 2901.5 967.2 2 . 1 1 0.14 3.10 17.98 8.08
13-3b 14.0 0 . 1 0 0.14 1 . 1 0 3.0 488.3 34.9 488.3 3836.8 1046.4 2 . 6 8 0.17 3.31 21.84 8.04
14 5 i 1 0 . 0 0.07 0 . 1 2 0.90 2.5 319.9 22.4 383.8 2878.8 799.6 1.92 0 . 1 2 2 . 8 6 18.00 6.75
2 1 1 . 0 0.07 0 . 12 0.90 2.5 355.1 2 2 . 6 387.4 2905.6 807.1 2 . 1 2 0 . 1 2 2 . 8 6 18.00 6.75
average 337.5 22.5 385.6 2892.2 803.4 1.97 0 . 1 2 2 . 8 6 18.00 6.75
14— 3b 14.0 0.08 0.14 1 . 0 0 3.0 481.3 27.5 481.3 3438.2 1031.4 2 . 6 8 0.14 3.32 19.91 8.06
Tyler Standard Screen Scale 
^First Repeat of Sample Number 6
Ĵjletal Constituents of the Coal Leaving with the Effluent
This is the raw data obtained from the atomic absorption spectrophotometer when the dilute nitric acid-processed coal 
ash sample was analyzed. The dilution factors were: Na = lx; K = lOx; Mg = lOOx; Ca = lOOx; and A1 = lOx.
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TABI.E 33. METAL CONSTITUENTS IN THE EFFLUENT AND SHPC3 FOR VARYING LIQUID TO SOLID MASS RATIO
Solution Concentration = 
Particle Size Range * 
Mean Particle Diameter = 
Residence lime =
0.25825 N H SO 

















Constituents in the SWPCa
(pg/g solution)
Na K Mr Ca Al Na K Mg Ca Al Na K Mg Ca Al Na K Mg Ca Al
12 2 1 139.0 2.39 0.29 1.9 13.0 1 390 23.9 290 760 130 17.0 0.49 0.14 1 .7 8.0 170 4.9 140 680 80
2 136.0 2.40 0.27 1.8 12.0 1360 24.0 270 720 120
average 1375 24.0 280 740 125
6R-Ib 3 1 92.0 1.71 0.20 1.6 11.0 920 17.1 200 640 110 14.0 0.33 0. 11 1.5 6.0 140 3.3 no 600 60
2 93.0 1.70 0. 19 1. 7 10.0 930 17.0 190 680 100
average 925 17.0 195 660 105
13 4 i 72.0 1 . 32 0.13 1.2 8.0 720 13.2 130 480 80 9.0 0.31 0.1 1 1 . 1 5.0 90 3.1 100 440 502 7 2.0 1.37 0. 14 1.2 8.0 720 13.7 140 480 80
average 720 13.4 135 480 80
14 5 i 35.0 1 .09 0.09 1 .0 6.0 550 10.9 90 400 60 7.0 0.30 0.08 0.7 6.0 70 3.0 80 280 60
2 54.0 1 .04 0.09 1.0 7.0 540 10.4 90 400 70
average 545 10.6 90 400 65
^Solution with the Processed Coal 
^Tyler Standard Screen Scale 
First Repeat of Sample Number 6
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TABLE 34. MATERIAL BALANCE CLOSURES AND NORMALIZED REMOVAL FOR VARYING LIQUID TO SOLID MASS RATIO
Solution Concentration = 
Particle Size Range = 
Mean Particle Diameter = 
Residence Time =
0.25825 N H2S04 
-10 x +48 mesh 
0.814 mm 
23.5 minutes





Overall Coal Moisture 
(MAF)
Metal Ion Balance (Based on the Effluent and SWPCa)
Na K Mg Ca A1 Na K Mg Ca A1
12 2 99.12 99.32 99.50 83.15 53.38 71.56 67.78 68.27 84.07 53.19 46.66 32.73 18.46
6R-lb 3 99.40 99.46 99.74 92.06 54 .80 83.94 70.26 63.46 87.48 61.24 58.21 43.53 25.97
13 4 99.12 99.86 99.22 104.64 58.31 83.43 71.04 56.50 87.04 66.74 59.56 43.12 27.31
14 5 98.65 98.64 98.84 98.61 57.20 76.57 71 .31 63.50 87.33 70.37 43.55 31.11
Tyler Standard Screen Scale 
aSolution with the Processed Coal 
bFirst Repeat of Sample Number 6
107
TABLE 35. METAL CONSTITUENT REDUCTION FOR VARYING LIQUID TO SOLID MASS RATIO (BASED ON THE PROCESSED COAL)
Solution Concentration =AParticle Size Range = 
Mean Particle Diameter = 
Residence Time =
0.25825 N H2S04 

















(Based on the Processed Coal)
Na K
(pg/min)




Ca A1 Na K Mg Ca A1
12 2 23713 1062 9A85 56909 15176 3138 265 3620 259A8 8AA8 86.77 75.02 61.83 5A.A0 AA.3A
6R-la 3 23713 1062 9A85 56909 15176 2733 226 3327 22578 7130 88.A7 78.76 6A.92 60.32 53.02
13 A 23713 1062 9A85 56909 15176 3215 205 3200 22998 7236 86.AA 80.61 66.26 59.59 52.32
1A 5 23713 1062 9A85 56909 15176 2962 181 3138 22911 6639 87.51 82.96 66.91 59.7A 56.25
Tyler Standard Screen Scale































Sulfuric Acid Concentration = 0.25825 N 
Mean Particle Diameter = 0.814 mm 
Residence Time = 23.5 minutes
FIGURE 20. CATION REDUCTION OF THE PROCESSED COAL AS A 







METAL ION REMOVAL FOR 
VARYING RESIDENCE TIME
1 1 0
TABLE 36. RAW DATA OF PROCESSED COAL FOR VARYING RESIDENCE TIME
Solution Concentration = 
Particle Size Range'" =
Mean Particle Diameter = 
Liquid to Solid Mass Ratio
0.25825 N H2 S04  
























15 11.07 7.9613 8.0832 5.5805 5.5851 0.1412 0.1379 2.3808 2.4981
16 16.46 7.8282 8.0591 5.1880 5.4092 0 . 1 2 2 1 0.1312 2.6402 2.6499
6R-2a 23.43 6.2127 8.4212 4.2750 5.7357 0.0964 0.1288 1.9377 2.6855
17 50.75 6.7987 6.7583 4.8299 4.8612 0.1062 0.1065 1.9688 1.8971
£Tyler Standard Screen Scale
aSecond Repeat of Sample Number 6
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TABLE 37. MOISTURE AND ASH CONTENT OF PROCESSED COAL FOR VARYING RESIDENCE TIME
Solution Concentration = 
Particle Size Range =
Mean Particle Diameter = 
Liquid to Solid Mass Ratio
0.25825 N H2 S04  




















15 11.07 29.90 30.90 30.40 1.79 1.71 1.75 2.56 2.47 2.52 0.0702 0.0702
16 16.46 33.73 32.88 33.30 1.56 1.63 1.60 2.35 2.42 2.38 0.0703 0.0702
6R-2a 23.43 31.19 31.89 31.54 1.55 1.53 1.54 2.25 2.25 2.25 0.0707 0.0706
17 ___5IL.L5___ 28.95 28.07 28.51 1.56 1.58
«
1.57 2.20 2.19 2 . 2 0 0.0704 0.0704
*Tyler Standard Screen Scale
aSecond Repeat of Sample Number 6
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TABLE 38. MATERIAL BALANCE DATA FOR VARYING RESIDENCE TIME
Solution Concentration = 
Particle Size Range =
Mean Particle Diameter = 
Liquid to Solid Mass Ratio 
Coal Out with t lie Effluent
0.25825 N II SO 
-10 x +48 mesh 
0.814 mm













e s s e  
e Wt . 
(dry) 
(g)
















15 11.07 51.33 5.7994 3.8537 0.0974 1.9457 33.55 1.68
lb 16.46 41 .85 5.4030 3.3985 0.0864 2.0045 37.10 1 .60
6R-2b 23.43 28.64 5.5778 3.8771 0.0848 1.7007 30.49 1.52
1 7 50.7 5 15.16 5.2284 1.4079 0.0758 1.8205 34.82 1 .45
A .Tyler Standard Screen Scale
Sample was too Small for Analysis 
^Solution Out with the Processed Coal 
Second Repeat of Sample Number 6
m i n .  S a m p l e )  
Wet ME MAE 
Basis
(g/min)(g/min)(g/min)
C o a l  F e e d  i n  






20. 1 13..36 13..02 17..68
17.1 10..73 10.,48 14..24
10.6 7..37 7.21 9..88
5.8 3.,78, 3..70 5..04
13.54 13.06 30.1 17.07
10.90 10.52 27.5 10.87
7.56 7.30 19.9 7.73
3.86 3.72 10.6 3.56
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TAB Mi 19. METAL CONSTITUENTS IN THE PROCESSED COAL FOR VARYING RESIDENCE TIME
Solution Concentration = 
Particle Size Range =
Mean Particle Diameter = 
Liquid to Solid Mass Ratio =
0.2S825 N H SO 










M e t a 1 C 
Raw Data* * 
(ppm)
o n s t 1 t u e n t s i 
(pg/g MAP
n t h 
coal)
e P r o c e s s e d C o a l  
(% oxide in ash)
Na K Mg Ca A1 Na K Mg Ca A1 Na20 K2° MgO CaO A12°3
15 11.07 i 19.0 0.13 0. 17 1.15 3.5 711.1 48.6 636.2 4303.9 1309.9 3.65 0.22 4.04 22.93 9.42
2 19.0 0.13 0.17 1.15 3.5 685.4 46.9 613.3 4148.8 1262.7 3.65 0.22 4.04 22.93 9.42
average 698.2 47.8 624.8 4226.4 1941.2 3.65 0.22 4.04 22.93 9.42
16 16.46 i 16.0 0.11 0.15 1.10 3.0 547.7 37.6 513.5 3765.6 1027.0 3.07 0.19 3.56 21.91 8.06
2 15.0 0.11 0.15 1.10 3.5 529.9 38.9 529.9 3886.1 1236.5 2.88 0.19 3.56 21 .94 9.42
average 538.8 38.2 521.7 3825.8 1131.8 2.98 0.19 3.56 21.92 8.74
6R-23 23.43 i 12.0 0.10 0.13 1.00 3.0 390.7 32.6 423.2 3255.7 976.7 2.29 0.17 3.06 19.80 8.02
2 12.0 0.09 0. 14 0.95 3.0 391.2 29.3 456.4 3097.3 978.1 2.29 0.14 3.30 18.84 8.03
average 391.0 31.0 439.8 3176.5 977.4 2.29 0. 16 3.18 19.82 8.02
17 50.75 i 10.0 0.08 0.11 0.80 2.5 325.5 26.0 358.0 2603.8 813.7 1.91 0. 14 2.60 15.91 6.71
2 11.0 0.08 0.11 0.80 3.0 359.6 26.2 359.6 2615.7 980.9 2.10 0.14 2.60 15.91 8.05
average 342.6 26.1 358.8 2609.8 897.3 2.00 0.14 2.60 15.91 7.38
*
Tyler Standard Screen Scale 
AJ>econd Repeat of Sample Number 6
This is the raw data obtained from the atomic absorption spectrophotometer when the dilute nitric acid-processed coal 
ash sample was analyzed. The dilution factors were: Na = lx; K = lOx; Mg = lOOx; Ca = lOOx; and A1 = lOx.
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TABLE 40 METAL CONSTITUENTS IN THE EFFLUENT AND SWPC FOR VARY INC RESIDENCE TIME
Solution Concentration = 
Particle Size Range 
Mean Particle Diameter = 
Liquid to Solid Ratio =
0.25825 N H SO 
















aConstituents in the SWPC
(pg/g solution)
Na K Mg Ca A1 Na K Mg Ca A1 Na K Mo Ca A1 Na K Mg Ca A1
15 11.07 1 91.0 1 . 58 0. 16 1 .4 8.0 910 15.8 160 560 80 33.0 0.62 0.16 1 .6 7.0 330 6.2 160 640 70
2 91 .0 1.55 0.15 1.3 9.0 910 15.5 1 50 520 90
average 910 15.6 155 540 85
lb 16.4b 1 93.0 1.62 0.17 1 .4 9.0 930 16.2 170 560 90 15.0 0.40 0.14 1.5 6.0 150 4.0 140 600 60
2 92.0 1.64 0.17 1 .5 9.0 920 16.4 1 70 600 90
average 925 16.3 170 580 90
6R-2b 23.43 1 94.0 1. 72 0. 19 I . 7 1 1.0 940 17.2 190 680 110 14.0 0.33 0.10 1.4 6.0 140 3.3 100 560 60
2 94.0 1.70 0.20 1 .7 12.0 940 17.1 200 680 120
average 940 17.1 195 680 1 15
17 30.75 1 96.0 1 . 76 0.23 1 .8 12.0 960 17.6 230 720 120 13.0 0.29 0.09 1.3 6.0 130 2.9 90 520 60
2 97.0 1.75 0.23 1.7 12.0 970 17.5 230 680 120
average 965 17.6 230 700 120
^Solution with the Processed Coal 
k'l’yler Standard Screen Scale 
Second Repeat of Sample Number 6
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TABLE 41. MATERIAL BALANCE CLOSURES AND NORMALIZED REMOVAL FOR VARYING RESIDENCE TIME
Solution Concentration = &Particle Size Range = 
Mean Particle Diameter =
0.25825 N H2S04 
-10 x +48 mesh 
0.814 mm












Percent Normalized Removal 
(Based on the Effluent and SWPCa)
Na K Mg Ca Al Na K Mg Ca Al
15 11.07 98.93 99.69 98.99 99.82 63.38 92.03 81.18 85.24 78.41 48.04 47.62 33.06 12.93
16 16.46 99.25 99.62 99.44 96.26 58.60 85.80 76.71 68.91 82.74 55.12 53.13 35.92 20.86
6R-2b 21.45 99.25 98.77 99.68 95.86 55.79 82.95 72.02 64.92 87.53 62.07 59.47 43.82 28.09
17 ___iOJJ,__ _2»Jil 99.46 99.02 _99. ,111 54,52 85.00 65.62 62.48 89.40 67.09 67.50 48.98 30,91
*Tyler Standard Screen Scale 
aSolution with the Processed Coal 
^Second Repeat of Sample Number 6
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TABLE 42. METAL CONSTITUENT REDUCTION FOR VARYINC RESIDENCE TIME (BASED ON THE PROCESSED COAL)
Solution Concentration = 
Particle Size Range = 
Mean Particle Diameter = 
Liquid to Solid Mass Ratio
0.25825 N H2S04 

















(Based on the Processed Coal)
Na K.
(pg/min)
Mg Ca A1 Na K
(pg/min)
Mg Ca A1 Na K Mg Ca A1
15 11.07 42192 1890 16876 101258 34055 9090 622 8135 55028 25274 78.45 67.08 51.80 45.66 25.78
16 16.46 33986 1522 13594 81565 21751 5647 400 5467 40094 11861 83.38 73.70 59.87 50.84 45.47
6R-2a 23.43 23583 1056 9433 56599 15903 2819 224 3171 22902 7047 88.05 78.84 66.38 59.54 53.31
17 50.75 12018 538 4087 28842 7691 1268 96 1328 9656 3320 89.45 82.06 72.38 66.52 56.84
■kTyler Standard Screen Scale































Sulfuric Acid Concentration = 0.25825 N 
Mean Particle Diameter = 0.814 mm 
Liquid to Solid Mass Ratio = 3







Note: The symbol * denotes multiplication
A. CALCULATIONS TO DETERMINE THE OVERALL MEAN COAL PARTICLE RADIUS
Tyler Standard Screen Scale Sieves 








The mean coal particle diameter (di> for -10 x +14 mesh is;
d^ = (1.651 mm * 1.168 mm ) 2 = 1.389 mm
The mean coal particle radius (r̂ ) is;
r± = d±/2 = (1.389 mm)/2 = 0.694 mm
The overall mean coal particle radius (rQ) for -10 x +48 mesh 
is obtained by the formula;
ro = E<Wi * ri)
where W^ is the weight fraction of coal in a particular size 
range (Table 3) and r^ is the mean coal particle radius 
for the same size range.
ALL OF THE FOLLOWING CALCULATIONS ARE FOR SAMPLE NUMBER 9
Sample 1
Weight of As Received Coal (g) 6.3298 
Weight of As Received Coal, MF (g) 4.3742 
Weight of ash (g) 0.0997 







B. CALCULATIONS TO DETERMINE THE AVERAGE MOISTURE CONTENT
1. Moisture content of sample number 1:
1.9556 g moisture 1 0 0
6.3298 g As Received Coal
= 30.90%
2. Moisture content of sample number 2:
2.3456 g moisture 1 0 0
7.2607 g As Received Coal
= 32.30%
Average Moisture Content = (30.90% + 32.30%)/2 = 31.60%
C. CALCULATIONS TO DETERMINE THE AVERAGE ASH CONTENT (WET BASIS)
1. Ash content of sample number 1:
0.0997 g ash_____________
6.3298 g As Received Coal
100
= 1.58%
2. Ash content of sample number 2:
0.1113 g ash_____________
7.2607 g As Received Coal
100
1.53%
Average Ash Content (wet basis) = (1.58% + 1.53%)/2 = 1.56%
D. CALCULATIONS TO DETERMINE THE AVERAGE ASH CONTENT (DRY BASIS)
1. MF ash content of sample number 1:
0.0997 g ash________________
4.3742 g MF As Received Coal
100
= 2.28%
2. MF ash content of sample number 2:
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0.1113 8 ash 1 0 0
4.9151 g MF As Received Coal
= 2.26%
Average Ash Content (dry basis) = (2.28% + 2.26%)/2 = 2.27% 
E. CALCULATIONS TO DETERMINE THE COAL FEED RATE (MAF BASIS)
Weight of As Received Coal sample = 198.97 g 
Time required to collect sample = 20 minutes 
Feed rate of the As Received Coal:
(198.97 g As Received Coal)/(20'minutes) = 9.94 g/min 
Moisture content of As Received Coal = 23.00%
Ash content of As Received Coal (wet basis) = 2.62%
Feed rate of As Received Coal (MAF basis):
1 g As Received Coal p.2300 g moisture 0 0262 g ash
jg As Received Coal g As Received Coal
0.7438 g MAF coal 
g As Received coal
9.94 g As Received Coal 0.7438 g MAF coal
minute g As Received Coal
= 7.39 g MAF coal/min
F. CALCULATIONS TO DETERMINE THE SULFURIC ACID SOLUTION FLOW RATE
Weight of sulfuric acid solution feed sample = 566.95 g 
Time required to collect sample = 20 minutes 
Feed rate of the sulfuric acid solution:
(566.95 g ^SO^solution) / (20 minutes) = 28.35 g/min
G. CALCULATIONS TO DETERMINE THE LIQUID TO SOLID MASS RATIO
As Received Coal feed rate in = 9.95 g/min
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Sulfuric acid solution feed rate in = 28.35 g/min 
Liquid to Solid Mass Ratio =
28.35 g solution minute
minute 9.95 g As Received Coal
= 2.85 g solution/g As Received Coal
H. CALCULATIONS TO DETERMINE THE MINIMUM INITIAL SULFURIC ACID 
CONCENTRATION REQUIRED
Rate of As Received Coal, "CAR", in = 7.39 g/min 
Specific gravity of sulfuric acid = 1.84 g/ml 
Purity of concentrated sulfuric acid = 96.1%









Na 3,151.6 23.0 1
K 136.1 39.1 1
Mg 1,260.6 24.3 2
Ca 7,563.8 40.1 2
A1 2,017.0 27.0 3
h 2 so 4 0 . 0 98.0 2
1. Number of sodium microgram equivalents: (basis = 1 minute)
3,151.6 yg Na+ 7.39 g MAF coal l  y g mole 1 yg eq 1 min
g MAF coal minute 23.0 yg Na yg mole
= 1,014.0 )Jg eq
2. Number of potassium microgram equivalents: (basis = 1 minute)
136.1 yg K+ 7.39 g MAF coal 1 yg mole 1 yg eq 1 min
g MAF coal minute 39.1 yg K yg mole
= 25.8 pg eq
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3. Number of magnesium microgram equivalents: (basis = 1 minute)
1,260.6 u8 M g ^ 7.39 g MAF coal 1 ug mole 2 yg eq 1 min
g MAF coal minute 24.3 yg Mg Mg mole
= 767.8 yg eq
4. Number of calcium microgram equivalents:(basis = 1 minute)
7,563.8 yg C a ^ 7.39 g MAF coal 1 y g mole 2 yg eq 1 min
g MAF coal minute 40.1 yg Ca yg mole
= 2,791.6 yg eq
5. Number of aluminum microgram equivalents:(basis = 1 minute)
2.017.0 yg Al4̂ 7.39 g MAF coal 1 yg mole 2 yg eq 1 min
g MAF coal minute 27.0 yg A1 yg mole
= 1,658.4 yg eq
Total yg eq in MAF As Received Coal (-20 x +28 mesh)
1,014.0 yg eq Na+
+ 25.8 yg eq K+
+ 767.8 yg eq Mg
+ 2,791.6 yg eq Ca-1-*
+ 1,658.4 yg eq A1 1 1 1
6,257.6 yg eq in the As Received Coal
The amount of sulfuric acid required for complete ion exchange 
is: (basis = 1 minute)
1 yg eq H2 S0 4 6,257.6 yg eq CAR 1 yg mole H2 S0 4 98 yg H2 S04
1 Mg eq CAR 2 yg eq H2 S0 4 yg mole H2 S0 4
1 g 1 ml H2 S0 4 1 g sol'n
1 ,0 0 0 , 0 0 0  yg 1.84 g H2 S04 28.35 g sol'n 1 ml sol'n
1 0 0 0  ml sol'n
liter sol'n
5.878 ml pure I^SO^ required per liter solution
Since the concentrated sulfuric acid is 96.1% pure;
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5.878 ml H2 S04 1 ml concentrated H2 S0 4
liter sol'n 0.961 ml pure H2 S04
= 6 . 1 2  ml of concentrated sulfuric acid are required per 
liter of solution
I. CALCULATIONS TO DETERMINE THE INITIAL SULFURIC ACID CONCENTRATION
Sample 1
Weight of NaC03 (g) 0.2257




The normality of the sulfuric acid solution was calculated 
according to the following formula (43)





0.053 16.48 ml H2 S04
0.2257 g NaC03
0.053 16.50 ml H2 S04




J. CALCULATIONS TO DETERMINE THE RATE OF PROCESSED COAL OUT (MAF)
Weight of processed coal sample = 110.0 g 
Time required to collect sample = 10 minutes 
Flow rate of the processed coal =
(1 1 0 . 0  g processed coal) / ( 1 0  min) = 1 1 . 0  g/min 
Moisture content of the processed coal = 31.60%
Ash content of the processed coal = 1.56%
1 g processed coal 0.3160 g moisture 0.0156 g ash
g processed coal g processed coal
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0.6684 g MAF processed coal
g processed coal
Flow rate of the processed coal (MAF) out =
1 1 . 0  g processed coal 0.6684 g MAF processed coal
minute g processed coal
= 7.35 g/min
K. CALCULATIONS TO DETERMINE THE RESIDENCE TIME
Total weight of processed coal out (MF) = 201.29 g 
Total weight of CAR in (MF) = 383.0 g 
Flow rate of CAR in (MF) = 7.66 g/min
Residence Time = (383.00 g CAR in - 201.2*9 g processed coal out)
7.66 g/min
= 23.72 minutes
L. CALCULATIONS TO DETERMINE THE SODIUM CONTENT IN THE PROCESSED COAL
Weight of the ash in the pellet = 0.0704 g
Ash content of the processed coal (dry basis) = 2.28%
Sample dilution = 1
Na+ content in the processed coal "PC" = 9.0 ppm
9 * 10- 6  g Na+ 1 0 0  ml sol'n 2.28 g ash 1 0 6 pg
ml solution 0.0704 g ash (100 - 2.28) g MAF coal 1 g
* 1 dilution = 298.3 ug Na+/g MAF coal
M. CALCULATIONS TO DETERMINE THE Na20 CONTENT IN THE ASH
Molecular weight of Na^ = 46 g/g mole 
Molecular weight of Na20 = 62 g/g mole
9 * 10 6 g Na+ 1 0 0  ml sol'n 62 g Na90/g mole 1 0 0 % 1 dilution
ml solution 0.0704 g ash 46 g Na£/g mole
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= 1.72% ^ 2*3 in the ash
N. CALCULATIONS TO DETERMINE THE OVERALL MATERIAL BALANCE CLOSURE
Flow rate of CAR in = 9.95 g/min
Flow rate of ^SO^ solution in = 28.35 g/min
Flow rate of PC out = 11.0 g/min
Flow rate of the solution out with the PC "SWPC" = 7.47 g/min 
Flow rate of the effluent "EFF" out = 19.70 g/min 
Percent Closure =
(11.0 g PC out/min)+(7.47 g SWPC out/min)+(19.70 g EFF out/min) 
(9.95 g CAR in/min) + (28.35 g ^SO^ sol'n in/min)
= 99.66%
O. CALCULATIONS TO DETERMINE THE COAL BALANCE CLOSURE (MAF)
Flow rate of CAR in (MAF) = 7.39 g/min
Flow rate of PC out (MAF) = 7.35 g/min
Percent Closure =
(7.35 g PC out/min)
(7.39 g CAR in/min)
= 99.46%
P. CALCULATIONS TO DETERMINE THE MOISTURE BALANCE CLOSURE
Flow rate of moisture with CAR = 2.29 g/min 
Flow rate of ^SO^ solution in = 28.35 g/min 
Flow rate of moisture out with PC = 3.48 g/min 
Flow rate of SWPC out = 7.47 g/min 
Flow rate of EFF out = 19.10 g/min
Percent Closure =
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(3.48 g moisture out with PC)+(7.47 g SWPC out)+(19.10 g EFF out) 
(2.29 g moisture in with CAR)+(28.35 g l^SO^ sol'n in)
= 100.03%
Q. CALCULATIONS TO DETERMINE THE SODIUM ION BALANCE CLOSURE 
1. Sodium entering with the CAR:
3,151.6 yg Na+ 7.39 g MAF coal
g MAF coal minute
= 23,322 yg Na+/min
2. Soduim leaving with the PC:
296.0 yg Na+ 7.35 g MAF coal





















(2,176 us in PC)+(17,533 ug in EFF)+(672 yg in SWPC) 
(23,322 yg in CAR)
= 87.51%
R. CALCULATIONS TO DETERMINE THE SODIUM REDUCTION
1. Sodium reduction based on the PC:
(23,322 yg Na+ in CAR)-(2,176 yg Na+ in PC) 
(23,322 yg Na+ in CAR)
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= 90.66%
2. Sodium reduction based on the EFF and SWPC:
(17,533 yg Na+ in EFF)+(672 yg Na+ in SWPC)
(23,322 yg Na+ in CAR)
= 78.17%
3. Normalized sodium reduction based on the EFF and SWPC:
(78.17% reduction based on the EFF and SWPC)
(87.51% sodium ion balance closure)
= 89.33%
S. CALCULATIONS TO DETERMINE THE DIFFUSION COEFFICIENT
nThe diffusion coefficient (cm^/sec) is calculated by; 
(0.23)*(ro)*(6)*( C )
D =  -----------------------------------------------------------------
(tj)*(C)'i.
where:
rD = mean particle radius (cm)
6 = film thickness (cm)
- OC = fixed ionic sodium content in the CAR (meq/cmJ) 
tx = half time (sec)
OC = initial H2 SO4 solution concentration (meq/cmJ) 
1. The mean particle radius "r0" = 2
0.350 mm 1 cm
1 0  mm
= 0 .0350 cm
2. The film thickness "6 " is calculated by; 





v = solution flow rate per cross sectional area of 





Fs = Feed rate of the H2 SO4 solution (cm/sec)
28.35 g sol'n 1 ml sol'n
O
1 cmJ sol'n




r = Radius of the ion exchanger (cm)
= 2.381 cm
(0.4725 cm2 /sec)
v = --------------------- = 0.02653 cm/sec
(3.14159)*(2.381 cm) 4 2
(0.20)*(0.0350 cm)
6 = — ----------------------------- = 0.0075 cm
1 + {(70)*(0.0350 cm)*(0.02653)}
3. The fixed ionic sodium in the CAR " C " for -20 x +28 mesh 
coal =
Density of -20 x +28 mesh coal = 1.23 g CAR/cm2
3,151.6 yg Na+ 1 g Na+ 0.7438 g MAF coal 1.23 g CAR
g MAF coal 1 0 6 yg Na+ g CAR 3cm
1,000 mg Na 1 meq Na+
----------------------—  = 0.12536 meq Na+/cm
g Na+ 23 mg Na
4. In order to calculate the half time,"t^" it is assumed that 
the half time is inversely proportionaf to the mean coal 
particle radius. The half time can be estimated by the 
following equation;
(ti5)/(r0) = constant "X"
as shown by Figure 11, the half time for coal with a mean 
particle radius of 0.0407 cm (-10 x +48 mesh) is 243 seconds. 
Therefore, the constant "X" has a value of;
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x = 243 seconds = 5 j9 7 0 > 5  sec/cin 
0.0407 cm
the half time for coal with a mean particle radius of 
0.0350 cm (-20 x +28 mesh) =
t, = 5,970.5 sec 0.0350 cmcm = 209 seconds
5. The initial H2 S04 solution concentration "C" =
C = 0.25825 N H2 S04 = 7.7475 ml H2 S04 per liter solution
7.7475 ml H2 S04
liter sol'n
2 meq H
1.84 g H2 S04
ml H2 S0 4
1 liter
1 0 0 0  cm"
1 0 0 0  mg H 2 S0 4
g h 2 so 4
= 0.29093 meq H+/cm^
98 mg H2 S04
Therefore, the diffusion coefficient is:
(0.23)*(0.0350 cm)*(0.0075 cm)*(0.12536 meq Na+/cm3)
D =
(209 sec)*(0.29093 meq H+/cm3)
= 1.2447 x 10 7 cm2/sec
T. CALCULATIONS TO DETERMINE THE THEORETICAL SODIUM REDUCTION
The fractional attainment of equilibrium "U(t)" is calculated by:
U(t) = 1 - exp
(_3)*(D)*(C)*(t)
l r 0)*(<5)*( C )_
= 1 - exp
-3 1.2447 x 10- 7  cm2 0.29093 meq 1,410 seconds
second 3cm




The theoretical percent sodium reduction = P * U(t)
where:
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P = the percent of the sodium removed experimentally 
when equilibrium is reached 
= 90.00%
Therefore, the theoretical amount of sodium removed is:
(0.9905)*(0.9000) = 89.14%
U. CALCULATIONS TO DETERMINE THE STATISTICAL DIFFERENCE BETWEEN THE 
THEORETICAL AND EXPERIMENTAL SODIUM REDUCTION (46)
Sample Sodium Reduction Difference
Number Theoretical
(%/1 0 0 )
Experimental
(%/1 0 0 ) (%/1 0 0 )
15 0.7634 0.7845 -0 . 0 2 1 1
16 0.8456 0.8338 0.0118
6R-2 0.8834 0.8805 0.0029
17 0.8998 0.8945 0.0049
The average difference " d " =
{(-0.0211)+(0.0118)+(0.0029)+(0.0049)}/(4) = -0.000375
2The variance of the difference " S^ " =
where:
d^ = the individual difference between the theoretical 
and experimental sodium reduction
n = the number of samples included in the test
2 _ (-0.0211 + 0.000375) (0.0118 + 0.000375) (0,0029 + 0.00375)
d (4-1) (4 - 1) (4 - 1)
(0.0049 + 0.000375)
( 4 - 1 ) 0.000205
The standard deviation of the difference " S^ " = 
Sd = (Sd) l 5 = (0-000205)^ = 0.014333 
The standard error of the difference " S-j- " =
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= (Sd)/(n)ls = (0.014333)/ (4)^ = 0.00716 
The degrees of freedom " d.f. " = 
d.f. = n - l = 4 - l = 3  
At the 0.05 significance level, a = 0.05
For testing if the average difference equals zero;
Null hypothesis Alternative hypothesis Rejection region
HA : d * 0 T > tn-l,l-a/2or
__________ T <~tn-l,l-a/2
where:
T = ( d )/( Sj ) = (-0.000375)/(0.007166) = -0.052 
tn-l,l-a/2 = 3.182 (47)
Since T does not fall into the rejection region HQ is accepted.
To test the significance of the individual differences, Tukey's 
wholly significnat difference (WSD) test is applied (48).
n = number of columns = 2
k = number of rows = 4
N = n * k = 8
f = {(N - 1) -• (n - 1)} = {(8 - 1) - (2 - 1)} = 6
(WSD)/(Sd) = 3.64
% = 0.007166
Therefore, WSD = (3.64) *(Sj) = (3.64)*(0.007166) = 0.0261
The sample number differences are rearranged in a column from the 

















Since each difference between samples is less than the calculated 
value for WSD, the individual differences between the theo­
retical and experimental sodium reduction at the 0.05 sign­
ificance level is insignificant for all sample numbers.
V. CALCULATIONS TO DETERMINE THE SULFUR CONTENT (DRY BASIS)
Furnace constant = 1.0885
Sample 1 Sample 2
Weight of MF coal (g) 0 .0 200 0 .0 202
Amount of titrate required (ml) 0.007 0.007
Percent sulfur
1
(0.007 ml titrate)*(l.0885) 
(0.0200 g MF coal) = 0.38%
Percent sulfur 2
(0.007 ml titrate)*(1.0885) 
(0.0202 g MF coal) = 0.38%



























isotopic counter-ion in the exchange particle 
aluminum ion 
aluminum oxide
American Society for Testing and Materials 
isotopic counter-ion in the exchange solution 
British thermal unit
total concentration of counter-ion A and counter-ion B 
concentration of counter-ion A








average difference between the theoretical and experimental 
sodium reduction











H 0 null hypothesis
h2so4 sulfuric acid
JA the flux of ion exchange for counter-ion A
K potassium ion
k 2o potassium oxide
lb pound
LiBO 2 lithium metaborate










n number of samples
P percent of sodium removed experimentally at equilibrium
PC processed coal
ppm part per million
Qa amount of counter-ion A inside the exchange particle
r radial diffusion path in the exchange particle
ro coal particle radius
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sd standard deviation of the average difference between the theoretical and experimental sodium reduction
standard error of the average difference between the 
theoretical and experimental sodium reduction
varience of the average difference between the theoretical 
and expermental sodium reduction
SWPC sulfuric acid solution that leaves the continuous 
countercurrent ion exchanger with the processed coal
t time of ion exchange
%
half time of ion exchange equilibrium
U(t) fractional attainment of equilibrium
V total volume of the ion exchange solution
V total volume of the ion exchange particle
w weight fraction
WSD wholly significant difference
X constant for calculating the half time when the initial 
sulfuric acid concentration was varied
Z constant for calculating the half time when the mean coal 
particle diameter was varied
6 film thickness
V ion exchange solution flow rate per cross sectional area
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